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Titre: Impacts des aérosols anthropiques sur le cycle du carbone terrestre 

Mots clés: changement climatique, aérosols, le cycle du carbone terrestre, fertilisation par 

rayonnement diffus, modélisation 

Résumé: Il est reconnu que les aérosols atmosphériques d’origine anthropique ont eu un impact 

significatif sur le système climatique au cours des dernières décennies via leurs interactions 

avec le rayonnement et les nuages. Outre ces processus physiques bien connus mais mal 

compris, des études récentes ont fait état de fortes influences des aérosols sur le cycle du 

carbone, en particulier sur sa composante terrestre. Les changements du cycle du carbone vont 

alors modifier le climat par le biais de la rétroaction climat-carbone. On ne sait toujours pas 

bien dans quelle mesure les aérosols anthropiques perturbent le cycle du carbone terrestre. Cette 

thèse vise à quantifier et à attribuer les impacts des aérosols anthropiques sur le cycle terrestre 

en utilisant une approche de modélisation. 

Au chapitre 2, un ensemble de simulations « hors ligne » utilisant le modèle de surfaces 

continentales ORCHIDEE forcé par les champs climatiques de différents modèles climatiques 

de la génération CMIP5 ont été réalisées pour étudier les impacts des aérosols anthropiques sur 

le cycle du carbone terrestre au travers de leurs impacts sur le climat. Les résultats indiquent 

une augmentation du puits de carbone terrestre de 11,6 à 41,8 PgC cumulé entre 1850 et 2005 

en raison des aérosols anthropiques. L'augmentation de la production nette du biome (net biome 

production, NBP) se situe principalement dans les tropiques et les latitudes moyennes de 

l’hémisphère nord. Le refroidissement induit par les aérosols est le principal facteur à l'origine 

de cette évolution de la NBP. Aux hautes latitudes, le refroidissement induit par les aérosols a 

provoqué une diminution plus forte de la production primaire brute (gross primary production, 

GPP) que de la respiration totale de l'écosystème (total ecosystem respiration, TER), ce qui a 

entraîné une baisse de la NBP. Aux latitudes moyennes, la diminution de la TER due au 

refroidissement est plus forte que celle de la GPP, ce qui entraîne une augmentation nette de la 

NBP. Aux basses latitudes, la NBP a également augmenté en raison de l'augmentation de la GPP 

due au refroidissement, mais la diminution des précipitations régionales en réponse aux 
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émissions d'aérosols anthropiques peut annuler l'effet de la température. Comme les modèles 

de climat sont actuellement en désaccord sur la manière dont les émissions d'aérosols affectent 

les précipitations tropicales, la modification des précipitations en réponse aux aérosols devient 

la principale source d'incertitude dans les changements de flux de C causés par les aérosols. Les 

résultats suggèrent qu'une meilleure compréhension et simulation de la manière dont les 

aérosols anthropiques affectent les précipitations dans les modèles de climat est nécessaire pour 

une attribution plus précise des effets des aérosols sur le cycle du carbone terrestre. 

Le chapitre 3 présente le développement et l'évaluation d'une nouvelle version du modèle 

ORCHIDEE appelé ORCHIDEE_DF. Par rapport à la version standard d’ORCHIDEE, 

ORCHIDEE_DF comprend un nouveau module de partitionnement de la lumière pour séparer 

le rayonnement solaire descendant en ses composantes directe et diffuse, ainsi qu'un nouveau 

module de transfert radiatif pour simuler la transmission du rayonnement diffus et direct dans 

la canopée, et différentier l'absorption de la lumière par les feuilles éclairées et ombragées. Le 

nouveau modèle ORCHIDEE_DF a été évalué à l'aide d'observations de flux par la méthode 

« eddy covariance » provenant de 159 sites de mesures sur le globe. Par rapport au modèle 

standard, ORCHIDEE_DF améliore la simulation des GPP dans des conditions ensoleillées et 

simule bien la photosynthèse supérieure observée dans des conditions plus nuageuses pour la 

plupart des types fonctionnels de plantes (plant functional types, PFT). Les résultats 

d’ORCHIDEE_DF et de la version standard d’ORCHIDEE pris ensemble indiquent que la GPP 

plus importante dans des conditions nuageuses par rapport aux conditions ensoleillées est 

principalement due à l'augmentation de la lumière diffuse le matin et l'après-midi, et à la 

diminution du déficit en pression de vapeur d’eau (water vapor pressure deficit, VPD) et de la 

température de l'air à midi. Les effets positifs les plus importants de la lumière diffuse sur la 

photosynthèse se situent dans la plage de 5 à 20 °C et des VPD inférieures à 1 kPa. On constate 

que cet effet diminue lorsque les VPD deviennent trop importantes ou que la température tombe 

en dehors de cette plage, probablement parce que la conductance stomatale prend le contrôle 

de la photosynthèse. ORCHIDEE_DF sous-estime l'effet de la lumière diffuse à basse 

température dans toutes les PFT et surestime cet effet à haute température et à un VPD élevé 
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dans les prairies et les terres cultivées. Ce biais est probablement dû à la paramétrisation du 

modèle standard. Le nouveau modèle permet de mieux étudier l'impact des changements 

d'aérosols à grande échelle sur le bilan du carbone terrestre, à la fois dans la période historique 

et dans le contexte des futures politiques de qualité de l'air et/ou de l'ingénierie climatique. 

Le chapitre 4 présente deux séries de simulations basées sur sur le modèle 

ORCHIDEE_DF forcé par l'ensemble de données climatiques CRUJRA, et les champs 

climatiques des simulations IPSL-CM6A-LR et vise à étudier systématiquement les impacts 

des changements induits par les aérosols sur le rayonnement diffus et des autres facteurs. Les 

deux séries de simulations montrent une augmentation du puits de carbone terrestre cumulatif 

de 6,8 PgC (données climatiques du CRUJRA) et de 15,9 PgC (données climatiques de l’IPSL-

CM6A-LR) en réponse aux changements de la fraction de rayonnement diffus causé par les 

aérosols anthropiques au cours de la période historique, et cette augmentation se produit 

principalement après les années 1950. La série de simulations factorielles forcées par le climat 

IPSL montre que globalement, l'augmentation du puits de carbone terrestre anthropique causé 

par les aérosols est principalement due à l'effet de fertilisation diffuse par la lumière mais aussi 

à l'effet de refroidissement. En outre, une comparaison des différentes méthodes de 

reconstruction du champ de rayonnement diffus dans un scénario sans aérosol anthropique 

indique qu'il est essentiel de prendre en compte correctement la variabilité de la fraction de 

rayonnement diffus pour obtenir des flux de carbone non biaisés. 

Bien que cette thèse ait permis d'acquérir une compréhension assez holistique des impacts 

des aérosols sur les écosystèmes terrestres, il subsiste des incertitudes dues aux limites des outils 

de modélisation et des plans d'expérience actuels. Pour réduire ces incertitudes, les travaux 

futurs doivent inclure les mécanismes manquants (par exemple, le dépôt de nutriments associé 

aux aérosols) dans les modèles de surface terrestre, recueillir davantage d'observations 

pertinentes pour l'étalonnage et concevoir des expériences pour étudier les impacts des aérosols 

dans des simulations entièrement couplées. Grâce à des scénarios futurs fiables d'émissions 

d'aérosols (tels que ceux du jeu de données SSP-RCP), les nouveaux outils de modélisation 
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devraient permettre de mieux évaluer et orienter l'élaboration des politiques de qualité de l'air 

relatives aux aérosols. 
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Title: Impacts of anthropogenic aerosols on the terrestrial carbon cycle 

Key words: climate change, aerosols, terrestrial carbon cycle, diffuse light fertilization, 

modeling 

Abstract: Anthropogenic atmospheric aerosols have been recognized to have significantly 

affected the climate system through their interactions with radiation and cloud during the last 

decades. Besides these well-known but poorly-understood physical processes in the atmosphere, 

recent studies reported strong influences of aerosols on the carbon cycle, especially its terrestrial 

component. The changes in carbon cycle will further alter the climate through the climate-

carbon feedback. It remains uncertain how much anthropogenic aerosols perturb the land 

carbon cycle. This thesis aims to quantify and attribute the impacts of anthropogenic aerosols 

on the terrestrial cycle using a modeling approach. 

In Chapter 2, a set of offline simulations using the ORCHIDEE land surface model driven 

by climate fields from different CMIP5 generation climate models were performed to 

investigate the impacts of anthropogenic aerosols on the land C cycle through their impacts on 

climate. The results indicate an increased cumulative land C sink of 11.6-41.8 PgC during 1850-

2005 due to anthropogenic aerosols. The increase in net biome production (NBP) is mainly 

found in the tropics and northern mid latitudes. Aerosol-induced cooling is the main factor 

driving this NBP changes. At high latitudes, aerosol-induced cooling caused a stronger decrease 

in gross primary production (GPP) than in total ecosystem respiration (TER), leading to lower 

NBP. At mid latitudes, cooling‐induced decrease in TER is stronger than for GPP, resulting in 

a net NBP increase. At low latitudes, NBP was also enhanced due to the cooling‐induced GPP 

increase, but regional precipitation decline in response to anthropogenic aerosol emissions may 

negate the effect of temperature. As climate models currently disagree on how aerosol emissions 

affect tropical precipitation, the precipitation change in response to aerosols becomes the main 

source of uncertainty in aerosol-caused C flux changes. The results suggest that better 

understanding and simulation of how anthropogenic aerosols affect precipitation in climate 
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models is required for a more accurate attribution of aerosol effects on the terrestrial carbon 

cycle. 

Chapter 3 presents the development and evaluation of a new version of ORCHIDEE model 

named ORCHIDEE_DF. Compared with the standard ORCHIDEE model (ORCHIDEE trunk), 

ORCHIDEE_DF includes a new light partitioning module to separate the downward shortwave 

radiation into direct and diffuse components, as well as a new canopy radiative transmission 

module to simulate the transmission of diffuse and direct radiation, and the light absorption of 

sunlit and shaded leaves separately. The new model ORCHIDEE_DF was evaluated using flux 

observations from 159 eddy covariance sites over the globe. Compared with the original model, 

ORCHIDEE_DF improves the GPP simulation under sunny conditions and captures the 

observed higher photosynthesis under cloudier conditions for most plant functional types 

(PFTs). The results from ORCHIDEE_DF and standard ORCHIDEE together 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 the decreased water vapor pressure 

deficit (VPD) and air temperature at midday. The 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 stomatal 

conductance takes control of photosynthesis. 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. This bias is likely due to the parameterization in the original 

model. The new model has the potential to better investigate the impact of large-scale aerosol 

changes on the terrestrial carbon budget, both in the historical period and in the context of future 

air quality policies and/or climate engineering. 

Using empirically tuned ORCHIDEE_DF, Chapter 4 performed two sets of simulations 

based on the observation-based CRUJRA climate dataset, and the climate fields from IPSL-

CM6A-LR simulations to systematically investigate the impacts of aerosol-induced changes in 

diffuse radiation and other factors. The two sets of simulations find an enhanced cumulative 

land C sink of 6.8 PgC (CRUJRA climate) and 15.9 PgC (IPSL-CM6A-LR climate) in response 
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to the anthropogenic aerosol-caused diffuse radiation fraction changes during the historical 

period and this enhancement mainly occurs after the 1950s.A series of factorial simulations 

driven by IPSL climate show that globally, the anthropogenic aerosol-induced land C sink 

increase is mainly due to the diffuse light fertilization effect but there is also a contribution from 

the cooling effect. Furthermore, a comparison of different methods reconstructing the diffuse 

radiation field under no anthropogenic aerosol scenario indicates that correctly considering the 

variability of diffuse radiation fraction is essential to obtain unbiased carbon fluxes. 

Although this thesis gained a relatively systematic understanding in aerosol impacts on 

terrestrial ecosystems, there remain uncertainties due to the limit of current modeling tools and 

experimental designs. To reduce these uncertainties, future work needs to include representation 

of currently missing mechanisms (e.g., deposition of nutrients associated with aerosols) into 

land surface models, collect more relevant observations for calibration, and design experiments 

to investigate aerosol impacts in fully coupled simulations. With the help of reliable future 

scenarios in aerosol emissions (such as those from the SSP-RCP dataset), improved modeling 

tools are expected to better evaluate the aerosol-related air quality policies. 
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Chapter 1. General introduction 

The climate system has been being strongly affected by the increasingly intensive 

anthropogenic activities since the industrial revolution in the 18th century. During the 

last century, evidences have shown significant changes in the atmosphere composition, 

increase in, the Earth’s surface air temperature, melting rate of glaciers, elevation of 

sea level, etc. (Stocker et al., 2013). These changes have impacted both natural and 

human systems, and will likely affect human well-being more strongly and challenge 

the sustainability of human societies in the future. 

A good understanding of the climate system is the basis to project future climate 

and to face the associated challenges. There is a wide consensus in the scientific 

community that global warming is primarily driven by the increasing concentration of 

greenhouse gases in the atmosphere, especially CO2 (Stocker et al., 2013), whose 

concentration has increased by about 100 ppm, or near one third since 1958. This 

increase in atmospheric CO2 can be attributed to anthropogenic emissions through 

fossil fuel burning and land use changes (Friedlingstein et al., 2019), but there remain 

uncertainties on current carbon budget and its projections because the biosphere may 

also release or absorb CO2 when the atmospheric CO2 concentration and climate 

changes. It has been suggested that the natural terrestrial ecosystem is a C sink of 160

±90 PgC in response to the changes in CO2 concentration and climate since 1750 (Ciais 

et al., 2013). This C sink in turn affect the atmospheric CO2 concentration and 

consequently the climate. This feedback, referred to as climate-carbon feedback, is still 

poorly understood (Friedlingstein et al., 2006). Apart from greenhouse gases, 

anthropogenic aerosols are also thought to have a considerable impact on climate as 

they alter the radiation budget at land surface (Heywood and Boucher, 2000). This 

climate change from anthropogenic aerosols will also affect the climate-carbon 

feedback (Jones et al., 2003). Moreover, recent studies have found that the terrestrial 

ecosystems are also affected by the aerosol-caused changes in diffuse radiation (Gu et 

al., 2003; Mercado et al., 2009) and nutrients deposition (Magnani et al., 2007; Wang 

et al. 2017). However, there remains no study systematically investigating the impacts 

of anthropogenic aerosols on carbon cycle. This gap of understanding on how much do 

anthropogenic aerosols affect the C cycle of ecosystems may cause large uncertainty in 
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future climate projections and will increase the risks in making aerosol emission 

policies. 

1.1 The terrestrial carbon cycle 

1.1.1 Main processes in the terrestrial carbon cycle 

The carbon cycle is influenced by all carbon (C) exchanges at the Earth’s surface 

among the atmosphere, the biosphere, the hydrosphere, the geosphere and the 

lithosphere. The terrestrial ecosystems have the largest active C pools in this system. 

The total C stored in biomass and soil is 2000-3000 PgC, which is 4-6 times of the 

amount in the atmosphere (Ciais et al., 2013). Also, the gross C exchanges between 

atmosphere and the terrestrial ecosystems due to photosynthesis and respirations are the 

largest C fluxes in and out of the atmospheric C pool. Therefore, this thesis will focus 

on the C fluxes of the terrestrial ecosystems. 

 

Figure 1.1 A Schematic of the main C fluxes in land C cycle 
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Plant photosynthesis is almost the only way through which atmospheric CO2 get 

can fixed by terrestrial ecosystems. The total C fixed by photosynthesis of an ecosystem 

is called gross primary production, or GPP, which was estimated to be 109-175 PgC 

yr−1 as a global total (Zhao et al., 2005; Beer et al., 2010; Jung et al., 2011; Welp et al., 

2011; Piao et al., 2013).  

Because the plants need energy to grow and to maintain their lives, a large 

proportion of the photosynthesis products is used through respiration by the plants 

themselves, and the C in these products is released as CO2 to the atmosphere. This C 

loss due to plant respiration is referred to as autotrophic respiration, or Ra. The C flux 

associated with the remaining products is called net primary production, or NPP. The 

global NPP is estimated about 44-70 PgC yr−1 (Cramer et al., 1999; Zhao et al., 2005; 

Yu et al., 2017). 

Most of the NPP will go to litter and soil C pools after the death of plants and leaf 

shedding. These organic C will be decomposed by microbes through their respirations. 

This respiration is called heterotrophic respiration, or Rh. The remaining C left in the 

ecosystem is referred to as net ecosystem production, or NEP. The sum of Ra and Rh is 

often defined as the total ecosystem respiration (TER). Global TER is comparable but 

slightly smaller than GPP in magnitude. 

Apart from respirations, C stored in ecosystems may also get released through 

other processes, such as fire, harvest or grazing. These C fluxes are small compared to 

respirations but important for C balance. The difference between GPP and all the 

effluxes (fluxes which release C from the ecosystem) is called net biome production, or 

NBP. In other words, NBP represents the C gain or loss of land ecosystems. Ecosystems 

with positive NBP absorb C from atmosphere and act as C sink. While those with 

negative NBP release C to atmosphere and act as C source. 

1.1.2 Factors affecting the terrestrial C cycle 

The main C fluxes introduced above are contributed by photosynthesis and 

respiration of organisms. Due to the dependence of the biochemical reactions involved 

in the C cycle to environmental factors, the terrestrial C fluxes are strongly affected by 

climate. 
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Temperature is one of the most important factors affecting both photosynthesis and 

respiration. The photosynthesis has been found to be maximum under an optimal 

temperature. Whenever temperature increases or decreases around that optimal 

temperature, the photosynthesis rate declines (Berry and Bjorkman, 1980). This optimal 

temperature may vary spatially and temporally at different scales (Huang et al., 2019; 

Yamori et al., 2013; Smith and Dukes, 2017), in order to acclimate (temporal trait 

changes within lifetime, often reversible) or adapt (permanent trait changes over 

generations, not reversible) to the various environmental temperature. However, there 

are limits on how plants (and therefore ecosystems) can acclimate their optimal 

temperature. When temperature is too high or too low, plants may get irreversible 

damage. Because of the complex mechanisms how the photosynthesis acclimates to 

temperature at different time scales, as well as the large variety of this acclimation 

among species, the quantitative understanding on photosynthesis acclimation at large 

scale remains poor (Kattge and Knorr, 2007; Smith and Dukes, 2013; Mercado et al., 

2018). 

Apart from affecting photosynthesis rate, temperature variations also affect the 

length of the growing season. For example, the multi-daily cumulative temperature in 

degree above a threshold (growing degree day), is found to be a good indicator of the 

start of the growing season for many plant species in temperature-limited regions. For 

some boreal species, some period of cold weather (chilling) during their dormancy in 

winter is required before the start of growing season (Yu et al., 2010). Besides the 

chilling requirements, observations at flux sites also found that warmer spring advanced 

the start of the growing season and increased the annual GPP (Barr et al., 2002; 

Niemand et al., 2005). A 7 to 14-day earlier start of the growing season is observed by 

remote sensing since the 1980s at different regions in northern mid to high latitudes and 

is thought to be mainly the response to a warming climate (Piao et al., 2019). 

Temperature is also an important factor affecting respiration, especially for soil 

respiration that builds on a large soil C pool. A plenty of studies have used an 

exponentially increase of soil respiration rates with soil temperature (Lloyd and Taylor, 

1994; Davidson et al., 1998; Peng et al., 2009) following the theory of van’t Hoff 

(1899). Similarly, the maintenance respiration (plant respiration to maintain the living 

biomass, an important fraction of Ra) also shows an exponential relationship with 

temperature. Under the background of global warming, the ecosystem respirations are 
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also expected to increase, which will accelerate the turnover of C pools in ecosystems, 

and consequently play a considerable role in climate-carbon feedback. 

Precipitation is another crucial factor regulating C fluxes. Water is one of the 

reactants in photosynthetic reaction. The light-dependent reactions in photosynthesis 

will not happen without the participation of water. Also, water availability also affects 

stomatal conductance of CO2. When plant is water stressed, the stomata will close to 

prevent water loss, which simultaneously prevents CO2 from entering leaf tissues and 

hinder the photosynthesis (Schippers et al., 2015). Persistent severe drought may cause 

mortality of plants due to C starvation, hydraulic failure etc. (Mencuccini et al., 2015). 

At larger scale, drought may increase the probability and intensity of fires (Brando et 

al., 2014). 

Respiration is found to be affected by soil moisture, which is strongly affected by 

precipitation. In situ observations from different ecosystems have shown that soil 

respiration can be inhibited by drought (Suseela et al., 2012; Yuste et al., 2003; Saleska 

et al., 2003). This inhibition can be explained by the reduced substrate diffusion and 

the lowered intracellular water potential under dry conditions (Stark & Firestone, 1995). 

Inversely, when precipitation is too high, soil respiration may also decrease due to the 

inhibition of oxygen diffusion in wet soil (Suseela et al., 2012). 

Solar radiation at 400-700 nm (photosynthetically active radiation, or PAR) 

provides energy for photosynthesis. Therefore, it determines the potential GPP when 

other factors are not limiting photosynthesis. A light addition experiment in tropical 

forests during cloudy period found that increase PAR will result in higher CO2 uptake 

in this system, indicating that radiation is the factor limiting CO2 uptake during rainy 

season (Graham et al., 2003). Observations also show that some tropical forests tend to 

have higher GPP during sunnier dry seasons compared with cloud season (Saleska et 

al., 2003). A global study suggested that in most tropical and subtropical forests, 

radiation is the main limiting factor for NPP (Nemani et al., 2003). A recent study found 

that whether the ecosystem is radiation-limited depends on the annual precipitation 

received by the system (Guan et al., 2015). 

It should be noted that the directional property of solar radiation is also an 

important factor regulating photosynthesis. For a given radiation level, diffuse radiation 

often results in higher GPP than direct radiation. This is because direct radiation 
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distributes more photons on sunlit leaves, which are often light saturated, whereas 

diffuse radiation is more evenly distributed in canopy and can significantly enhance the 

photosynthesis of shaded leaves (Gu et al., 2003; Mercado et al., 2009; Wang et al., 

2018).  

Apart from climate factors, ambient CO2 concentration also plays an important 

role. The majority of Free-air CO2 Enrichment (FACE) experiments suggested that 

increasing CO2 concentration can increase water use efficiency and light use efficiency, 

resulting in higher production (Norby et al., 2005; Ainsworth and Long, 2004; Nowak 

et al., 2004). This CO2 fertilization effect differs among different ecosystems and 

depends on the magnitude of CO2 enrichment (Ainsworth and Long, 2004; Nowak et 

al., 2004). 

Mineral nutrients play essential roles in the construction of plant tissues and they 

participate to plant and microbe metabolism. For instance, nitrogen (N) is one of the 

core element needed for the enzymes involved in both photosynthesis and respiration. 

Therefore, C fluxes in ecosystems may also get limited by nutrient availability besides 

climate factors. Nitrogen addition experiments have shown that N deposition could 

enhance NPP in many ecosystems across the world (LeBauer et al., 2008). Experiments 

suggested that N limitation may weaken the expected NPP increase under elevated CO2 

concentration (i.e. modulation of CO2 fertilization effect by N availability) (Norby et 

al., 2010). The deposition of N also affects respiration (Sun et al., 2014). A meta-

analysis suggested that N deposition may decrease soil respiration by reducing 

underground C allocation, changing soil microbe community or stabilizing soil organic 

matters (Janssens et al., 2010). Besides N, phosphorus (P) is also suggested to limit C 

fixation in tropical regions (Sun et al., 2017).  

1.1.3 Climate-Carbon feedback 

As introduced in Section 1.1.2, terrestrial C fluxes are regulated by climate and 

atmospheric CO2 concentration, meanwhile the interannual variation of atmospheric 

CO2 concentration is strongly affected by net C fluxes of terrestrial ecosystems 

(Friedlingstein et al., 2019), which could be further explained by the variation of 

climate. Therefore, there exist a range of feedbacks between climate and the C cycle. 
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To investigate these feedbacks, the Coupled Climate–Carbon Cycle Model 

Intercomparison Project (C4MIP) experiments were designed, which use fully and 

partly coupled simulations to evaluate the contribution of climate-carbon feedbacks to 

the carbon cycle and to climate changes (Jones et al., 2016). Under this framework, 

Friedlingstein et al. (2006) showed a positive climate-carbon feedback (i.e., the 

feedback will cause higher atmospheric CO2 concentration and stronger warming) at 

the end of the 21st century using simulations from 11 Earth System Models (ESMs). 

However, the magnitude of the warming contributed by climate-carbon feedback 

remains very uncertain. Also, there is no consensus on whether the observed changes 

in land C fluxes are mainly attributable to primary production or to respiration.  

1.2 Atmospheric aerosols 

1.2.1 A brief introduction to atmospheric aerosols 

In general, an aerosol refers to a suspension of solid or liquid particles in air. In 

climate sciences, cloud particles are often differentiated from other particles, hence 

“aerosols” is often used to represent the suspensions of solid or liquid particles except 

the hydrometeors (Boucher, 2015). This definition is hereafter used in this thesis. 

Atmospheric aerosols can be classified into primary aerosols and secondary 

aerosols according to whether the aerosols are emitted as particles directly (primary 

aerosols) or come from condensation of atmospheric gas-phase species during chemical 

processes (secondary aerosols). These gas-phase species are called aerosol precursors. 

According to their source, atmospheric aerosols can be divided into natural 

aerosols and anthropogenic aerosols. Natural aerosols mainly include biogenic (organic) 

aerosols derived from volatile organic compounds emitted by terrestrial plants and 

marine algae, dust lifted by winds, sea spray aerosols, black carbon from wildfires. 

Apart from the above ones, volcanic eruptions can also emit a large quantity of sulphate 

aerosol precursors into the atmosphere including in the stratospheres into higher 

atmosphere. Anthropogenic aerosols are emitted from anthropogenic activities such as 

fossil fuel burning, mining, agriculture and land use change. These activities can result 

in emissions of precursors of sulphate, nitrate and organic aerosols, but also primary 

black carbon and organic aerosols. Fly ash and industrial dust are other types of 
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anthropogenic aerosols. In natural conditions, atmospheric aerosols are often a mixture 

of different chemicals. These mixtures can be of different particles with pure chemical 

composition each (external mixture), or of particles composed by well mixed chemicals 

(internal mixture). The mixing can strongly affect the particle physics and lead to 

different aerosol properties (Boucher, 2015). 

The various source and types, as well as complex mixture of aerosols result in a 

heterogeneous spatiotemporal distribution of aerosols (Figure 1.2). Industrialized 

regions such as East Asia, Europe and North America generally have higher aerosol 

concentration than other regions, as the intense human activities strongly increase the 

emission of anthropogenic aerosols and their precursors. Besides these regions, deserts 

such as Sahal also have high aerosol concentration. This is because that the non-

vegetated ground in deserts can easily become a source of dust aerosols when wind is 

strong. Tropical forest regions may also have high aerosol concentrations because of 

the large production of organic aerosol precursors in these forests. In addition, wild fires 

can occasionally cause high concentration of black carbon aerosols near the burned 

regions. 

 

Figure 1.2 The spatial distribution of 550 nm aerosol optical depth during 2003-2010 from 

the European Centre for Medium Range Weather Forecasts (ECMWF) Integrated Forecast 

System model with assimilation of Moderate Resolution Imaging Spectrometer (MODIS) 

aerosol optical depth. (adapted from Boucher et al., 2013) 
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1.2.2 Aerosol-radiation interactions and aerosol-cloud interactions 

The most known and studied mechanisms how aerosols affect climate system are 

aerosol-radiation interactions and aerosol-cloud interactions (Heywood & Boucher 

2000). Aerosol-radiation interactions happen through the scattering and absorption of 

(essentially solar) radiation by aerosols. Because part of the irradiance is absorbed or 

scattered back to outer space during this process, aerosol-radiation interaction often 

causes a cooler surface and lead to a cooler climate. An exception occurs if the aerosol 

is very absorbing (e.g. black carbon) and/or the land surface is covered by snow or ice, 

resulting in a high albedo. In such case, the absorption of this aerosol may warm the 

climate system although locally it may still cool the surface because levels of solar 

radiation at the surface decreases. Globally, aerosol-radiation interactions are suggested 

to cause a radiative forcing of –0.45 (–0.95 to +0.05) W m−2 (Boucher et al., 2013). 

Aerosol-cloud interactions occur because the formation of clouds can be affected 

by aerosols (Figure 1.3). Aerosols as a suspension of particles often serve as cloud 

 

Figure 1.3. A Schematic of aerosol-cloud interactions. (from Kuniyal and Guleria, 2019) 
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condensation nuclei (CCN), so the presence of anthropogenic aerosols result in an 

increase in cloud condensation nuclei concentration. This increase in CCN further 

changes the size distribution of cloud droplets, and in turn alters the distribution, 

reflectance and life time of clouds. For a given cloud water content, more and smaller 

droplets leads to higher cloud reflectance. Aerosol-cloud interactions are estimated to 

cause a radiatve forcing of –0.45 (–1.2 to 0.0) W m−2 globally (Boucher et al., 2013). 

The aerosol radiative forcing is highly heterogeneous (Figure 1.4). Generally, the 

regions with strong negative aerosol radiative forcing (<−1 W m−2) are mainly 

distributed in East and South Asia, Europe, East US, where intense anthropogenic 

activities emitted large amount of sulphate and nitrate aerosols and aerosol precursors. 

 

 

Figure 1.4 The spatial distribution of anthropogenic aerosol radiative forcing at the top of 

the atmosphere at 2000 according to simulations on 9 AeroCom models. (adapted from 

Schulz et al., 2006) 
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1.2.3 Impacts of aerosols on terrestrial C cycle 

Aerosols can affect the terrestrial C cycle in multiple ways (Figure 1.5). The first 

way is through their contribution to changing climate. Generally, the negative radiative 

forcing caused by aerosols results in lower temperature and a weaker solar irradiance 

at land surface. The precipitation changes in response to aerosol emissions remain 

poorly understood. These changes in climate in turn alter the C fluxes. This impact is 

implicitly included in previous fully coupled simulations using earth system models, 

however, rarely quantified.  

Jones et al. (2003) investigated the impacts of sulphate aerosols on the C cycle by 

comparing coupled simulations with and without sulphate aerosol forcing on 

HadCM3L. Their study considered the aerosol-radiation interaction and the aerosol 

impacts on cloud albedo, but omitted the impacts of aerosols on cloud lifetime. The 

results suggested that sulphate aerosols can increase global C sink through their cooling 

effect, which suppressed the increasing soil respiration under a warming climate. A 

similar study was performed by Mahowald et al. (2011) using the Community Climate 

System Model (CCSM3.1) model. However, their study showed a relatively small 

impact of aerosols on global C cycle and attributed it to the weaker climate-carbon 

feedback in their model. There is no consensus on the impacts of aerosol-induced 

climate change on the land C cycle. 

 

Figure 1.5 The main pathways how aerosols affect the terrestrial C cycle 
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Besides changing climate, aerosols can also alter the land C fluxes through a 

pathway named diffuse light fertilization. As atmospheric aerosols scatter solar 

radiation before it reaches the vegetation canopy, the solar radiation reaching the 

surface often show a more homogeneous directional distribution (higher diffuse 

radiation fraction) when aerosol concentration is high. This in turn affects GPP due to 

the different light use efficiency of diffuse and direct solar radiation. A site level study 

using eddy flux observations has shown that the increase of diffuse radiation after the 

eruption of the Mount Pinatubo increased the noontime photosynthesis by over 20% 

(Gu et al., 2003). Several other studies also reported enhanced photosynthesis under 

conditions with more diffuse radiation for a given level of total solar irradiance (Gu et 

al., 2002; Niyogi et al., 2004; Alton et al., 2007). At the global scale, Mercado et al. 

(2009) used the JULES land surface model to assess the impacts of changes in diffuse 

light fraction. Their study found that the changes of diffuse light fraction enhanced the 

global land C sink by about one quarter during 1960-1999. The robustness of this result 

remains difficult to test due to the lack of such processes in other land surface models. 

Apart from their impacts on climate and radiation quality, some aerosols can 

deposit nutrients into terrestrial ecosystems through their deposition. Since many 

terrestrial ecosystems are nitrogen or phosphorus limited, the deposition of the aerosols 

containing N and P elements can fertilize the ecosystems and enhance C fixation. The 

impacts of N deposition have been investigated by several studies using various 

methods. For instance, based on C:N ratio, Schindler and Bayley (1993) estimated a 

global C sink of 1.0 PgC yr−1 to 2.3 PgC yr−1 due to N deposition using N budget 

estimations in 1980s. Based on CENTURY model, Townsend et al. (1996) and Holland 

et al. (1997) estimated a global N deposition-induced C sink from 0.3 PgC yr−1 to 2.0 

PgC yr−1
 around 1990. Liu and Greaver (2009) analysed the results from over a hundred 

of N addition experiments and suggested that the global C sink stimulated by N is 0.35 

PgC yr−1 to 0.58 PgC yr−1
 using N deposition from mid 1990s and agricultural N use in 

2000s. Using stoichiometry of different part of plants, Wang et al. (2017) estimated the 

N deposition induced C sink in forests during 1997-2013 as 0.14 Pg C yr−1 to 0.4 Pg C 

yr−1. Recently, the impacts of N in ecosystems has been added implicitly or explicitly 

to a number of land surface models (Zaehle and Dalmonech, 2011). Model simulations 

suggested increased global C sink due to N deposition from 0.2 PgC yr−1 to 0.5 PgC 

yr−1 in 1990s (Zaehle and Dalmonech, 2011). 
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In contrast to N deposition, the impact of P deposition remains poorly understood. 

This is because the lack of P deposition data. Wang et al. (2017) estimated global P 

deposition and assessed the impact of P deposition on forest C balance. Their results 

showed that P deposition increased forest C sink by −0.05 PgC yr−1 to 0.15 PgC yr−1 

during 1997-2013. 

Besides the mechanisms above, the sulphate and nitrate aerosols/precursors 

(mainly anthropogenic) can interact with clouds and reduce the pH of rainwater (Rodhe 

et al., 2002). This acidification of rain may cause plant tissue damage and will lead to 

a decreased soil pH (i.e. increase hydrogen ions, or H+). Acid soil solutions can dissolve 

metal ions that are bound in soil and cause a leaching of these nutrients, which can 

affect plant physiology and consequently the C fluxes. 

Finally, sulphate aerosols can damage photosynthesis tissues (Eliseev, 2015). Also, 

some aerosols can participate in photochemical reactions and produce near surface 

ozone, which also damage leaf tissues and inhibit photosynthesis (Sitch et al., 2007). 

1.3 Methods investigating aerosol impacts.  

Intensive measurements of C fluxes in field were not available before the 

appearance of eddy covariance technique. Using this technique, a network of C flux 

sites was built across the world (Baldocchi et al., 2001). These measurements have 

provided and continue to provide valuable information understanding the responses of 

ecosystems to different environmental factors including atmospheric aerosols. For 

instance, using in situ flux observations, Gu et al. (1999, 2002, 2003) investigated the 

response of land ecosystems to changing diffuse radiation, and found that volcanic 

aerosols from the eruption of Mount Pinatubo can enhance the C fixation in a temperate 

deciduous forest. Some studies applied statistical methods or modeling tools to flux site 

observations to separate the effects of aerosol or cloud-caused diffuse radiation change 

and water vapor deficit change (Knohl and Baldocchi, 2008; Cheng et al., 2014). 

However, it remains very difficult to fully understand the aerosol impacts from such 

observations alone because of the high complexity of land ecosystems and the multiple 

interactions among processes related to aerosols. 

Apart from eddy covariance technique, some other tools were also developed to 

measure C fluxes directly at smaller scale (e.g. leaf level). There measurements give 
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limited information on the entire ecosystem, but can be used to monitor the response of 

leaves to a single impact of aerosols under more controlled conditions. These data can 

give a deeper insight into the mechanisms of how aerosols affect photosynthesis. For 

example, Li et al. (2014) used measurements in greenhouse to investigate how diffuse 

radiation changes the distribution of light and the photosynthesis rate in canopy. Using 

leaf-level measurements, Wang et al. (2018) found different mechanism how sunlit and 

shaded leaves respond to diffuse radiation changes. 

One limit of such observation is that they are difficult to scale up from single sites 

or even networks to the large scale because of the complex interactions among aerosol-

induced environmental factor changes and the large spatiotemporal heterogeneity of 

ecosystems and aerosols. One possible way to learn more on these processes is through 

the use of mechanism-based vegetation models. These models can be further embedded 

into land surface models or earth system models and be used to assess the impacts of 

aerosol at regional to global scales. Furthermore, since it is much easier to control 

environmental conditions in simulation experiments, these models are able to be used 

to separate aerosol impacts from other factors. Current global estimations of aerosol 

impacts are mostly based on model simulations (Jones et al., 2003; Mercado et al., 2009; 

Mahowald et al., 2011). However, due to the limited understanding of some processes 

and a number of assumptions in models, the modelling approach always suffers from 

large uncertainties. Simulations performed using different models can thus give 

different aerosol impacts, e.g. Jones et al. (2003) and Mahowald et al. (2011). One way 

to understand the uncertainty and make more confident estimation and attribution of 

aerosol impacts is to use multiple models to simulate the evolution of the system under 

a standard framework with well-designed experiments, and analyze the results from 

different models together. Current multi-model comparison projects (MIPs) provide 

opportunities to understand and maybe reduce the uncertainty from climate field when 

investigating large scale aerosol impacts. Another problem the modelling approach is 

that some processes are not well represented or not represented at all in the current 

generation of current models. There is a limited number of land surface models that 

include the differential canopy light transmission of direct and diffuse radiation (Dai et 

al., 2004, Mercado et al., 2009). Most existing ones uses oversimplified 

parameterizations in a single-layer canopy and cannot represent the vertical 

heterogeneity of leaf traits (Dai et al., 2004). In terms of nutrient, only a few number 
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of models have incompletely considered the N-related processes (Zaehle and 

Dalmonech, 2011), and fewer models considered phosphorus (Goll et al., 2017; Wang 

et al., 2010; Wang et al., 2018). The soil pH impact remains poorly understood and 

absent in land surface models. For toxic chemical impacts, Sitch et al. (2007) and Chen 

(2013) have considered the impacts of ozone in large scale models, while most other 

chemicals remain absent. To fully understand the aerosol impacts, these missing 

processes are needed to be added to current land surface models. 

1.4 The objectives of the thesis 

Anthropogenic aerosols are known to play an important role in the climate system 

through aerosol-radiative and aerosol-cloud interactions. However, the impacts of 

aerosols on the global carbon cycle are not well understood. This thesis aims to 

investigate the impacts of anthropogenic aerosols on terrestrial ecosystems during the 

“historical” period since the industrial revolution through different pathways. In 

Chapter 2, the ORCHIDEE land surface model is driven by different climate fields from 

CMIP5 experiments to assess the impacts of climate change induced by anthropogenic 

aerosols (CCAA) on global land C budget and to identify why there are large 

uncertainties in current estimates. Chapter 3 will introduce a new version of land 

surface model, labelled ORCHIDEE_DF, that distinguishes direct and diffuse radiation 

in canopy. Observations from flux sites and simulations from the model will be used to 

investigate the spatiotemporal variation of the impacts of the diffuse radiation fraction 

on photosynthesis. Chapter 4 will use ORCHIDEE_DF to quantify the impacts of 

aerosols on land C fluxes and investigate the global impacts from aerosol-induced 

diffuse radiation changes. Finally, Chapter 5 will summarize the main conclusions of 

this thesis and discuss about the future directions on studies of aerosol-carbon 

interactions.
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Chapter 2. Impacts of anthropogenic 

aerosols on land C fluxes through changing 

climate 

Summary 

Anthropogenic aerosols have contributed to historical climate change through 

their interactions with radiation and clouds. In turn, climate change due to aerosols has 

impacted the C cycle. It remains uncertain how large this impact is and existing studies 

on single models show different results. Here we use a set of offline simulations made 

with the ORCHIDEE Land Surface Model (LSM) driven by bias-corrected climate 

fields from simulations of three CMIP5 Earth System Models (ESM) (IPSL-CM5A-

LR, CSIRO-Mk3.6.0 and GISS-E2-R) to quantify the climate-related impacts of 

aerosols on land carbon fluxes during 1860-2005. We found that Climate Change from 

Anthropogenic Aerosols (CCAA) globally cooled the climate, and increased land 

carbon storage, or cumulative Net Biome Production (NBP), by 11.6-41.8 PgC between 

1860 and 2005. The increase in NBP from CCAA mainly occurs in the tropics and 

northern mid latitudes, primarily due to aerosol-induced cooling. At high latitudes, 

cooling caused stronger decrease in gross primary production (GPP) than total 

ecosystem respiration (TER), leading to a lower NBP. At mid latitudes, cooling-induced 

decrease in TER is stronger than that of GPP, resulting in NBP increase. At low latitudes, 

NBP was also enhanced due to the cooling-induced GPP increase, but precipitation 

decline from CCAA may negate the effect of temperature. The three ESMs show large 

divergence in low-latitude CCAA precipitation response to aerosols, which results in 

considerable uncertainties in regional estimations of CCAA effects on carbon fluxes. 

Our results suggest that better understanding and simulation of how anthropogenic 

aerosols affect precipitation in ESMs is required for a more accurate attribution of 

aerosol effects on the terrestrial carbon cycle. This chapter has been published as Zhang, 

Y., Goll, D., Bastos, A., Balkanski, Y., Boucher, O., Cescatti, A., Collier, M., Gasser, T., 

Ghattas, J., Li., L., Piao, S., Viovy., N., Zhu, D., and Ciais, P. (2019), Increased global 

land carbon sink due to aerosol‐induced cooling, Global Biogeochemical Cycles, 33(3), 

439-457. In this paper, I performed all the simulations and analyses, also wrote the first 

version of the manuscript. 
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Figure S1. The initial C pools for each (a) IPSL, (b) CSIRO and (c) GISS simulations. 

The name of each experiment is indicated in Table S1.  

Figure S2. Mean bias corrected annual temperature under hist (blue) and NoAA/NoA 

(red) scenarios in different latitudes. 5-year moving average was applied. 

Figure S3. Same as Figure S2 but for precipitation.  

Figure S4. Same as Figure S2 but for incoming shortwave radiation  

Figure S5. Same as Figure 7 but for IPSL NoAA simulations.  

Figure S6. Same as Figure 7 but for CSIRO hist simulations.  

Figure S7. Same as Figure 7 but for CSIRO NoAA simulations.  

Figure S8. Same as Figure 7 but for GISS hist simulations.  

Figure S9. Same as Figure 7 but for GISS NoA simulations.  
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Figure S2. 
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Figure S3. 

 

 

  



Chapter 2. Impacts of anthropogenic aerosols on land C fluxes through changing climate 

 

41 

 

Figure S4. 
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Figure S5. 
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Figure S6. 
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Figure S7. 
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Figure S8. 
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Figure S9. 
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Table S1. The CMIP5 climate simulations used in this study   

scenario CMIP5 ESM name CMIP5 experiment name 

IPSL historical IPSL-CM5A-LR r2i1p1, r3i1p1, r4i1p1 

IPSL historicalNoAA IPSL-CM5A-LR r2i1p4, r3i1p4, r4i1p4 

CSIRO historical CSIRO-Mk3.6.0 r1i1p1, r3i1p1, r4i1p1 

CSIRO historicalNoAA CSIRO-Mk3.6.0 r1i1p3, r3i1p3, r4i1p3 

GISS historical GISS-E2-R r1i1p3, r2i1p3, r3i1p3 

GISS historicalNoA GISS-E2-R r1i1p3161, r2i1p3161, r3i1p3161 
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Chapter 3. Modelling the impacts of diffuse 

light fraction on photosynthesis 

Summary 

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 in current land surface 

models. Here we add a light partition module and a new canopy light transmission 

module to the ORCHIDEE land surface model (trunk version, v5453) to estimate the 

fraction of diffuse light and its effect on gross primary production (GPP) in a multi-

layer canopy. We evaluate the new parametrizations (ORCHIDEE_DF) 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 the decreased water 

vapor pressure deficit (VPD) and air temperature at midday. The 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 stomatal conductance takes control of photosynthesis. 

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. This bias is likely due to the parameterization in the original model. The new 

model has the potential to better investigate the impact of large-scale aerosol changes 

on the terrestrial carbon budget, both in the historical period and in the context of future 

air quality policies and/or climate engineering. This chapter will be submitted as Zhang 

et al. The impacts of diffuse light fraction on photosynthesis in observations and a 

global land surface model. 
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3.1 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; 

Mission 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 the photosynthesis of 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 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). 

Finally, 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 
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and parameterizations derived from Farquhar et al. (1980) with different formulations 

of stomatal conductance, usually with stomatal closure under high VPD 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). 

There a few studies which have addressed the influence of light quality on GPP. 

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). However, this 

model assumes a single-layer canopy and can therefore not simulate the vertical profile 

of leaf irradiance. 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 by about a quarter the global land C sink during the 1960-1999 period. 

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. 

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, and a process-based multilayer canopy light transmission model to 

simulate the effects of diffuse light fraction on photosynthesis. We evaluated the GPP 
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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, for 

the objective of understanding when and how much does light quality affect 

photosynthesis. 

3.2 Data and method 

3.2.1 Model description 

3.2.1.1 Canopy light transmission and photosynthesis in the ORCHIDEE trunk 

The ORCHIDEE_DF model is based on ORCHIDEE trunk revision 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 (hereafter 

referred to as trunk for simplicity) brings a number of improvements and photosynthesis 

parameters were recently re-calibrated against FLUXNET data (Baldocchi et al., 2001) 

and atmospheric CO2 observations for the IPSL Earth System Model (IPSL-CM6) and 

the CMIP6 simulations. 

The leaf-scale photosynthesis calculation in the ORCHIDEE trunk version 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 CO2 assimilation (Ac) and the electron transport-limited rate 

of CO2 assimilation (Aj): 

𝐴 = min{𝐴𝑐, 𝐴𝑗}              Eq. 3.1 

Here Ac is mainly affected by the maximum carboxylation capacity of Rubisco 

(Vcmax), which is temperature dependent (Yin and Struik., 2009), and the CO2 

concentration at the carboxylation site (Cc): 
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𝐴𝑐 =  
(𝐶𝑐−𝛤∗)𝑉𝑐𝑚𝑎𝑥

𝐶𝑐+𝐾𝑚𝐶(1 + 𝑂/𝐾𝑚𝑂)
− 𝑅𝑑          Eq. 3.2 

where 𝛤∗ is the CO2 compensation point in the absence of dark respiration (Rd). KmC 

and KmO are the Michaelis constants for CO2 and O2, O is the O2 concentration at the 

carboxylation site. 

Aj is calculated as a function of Cc and electron transport rate (J): 

𝐴𝑗 =  
𝐽(𝐶𝑐−𝛤∗)

4.5𝐶𝑐+10.5𝛤∗ − 𝑅𝑑            Eq. 3.3 

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 uneven distribution of photosynthetically active radiation 

(PAR) in the canopy, J varies in the canopy. 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, in the unit of m2m−2). The discretization 

is represented in Figure 3.1a and the LAI at the interface of the layers are given by: 

𝐿𝐴𝐼_𝑐𝑖 =  12 ×
𝑒0.15×(𝑖−1)−1

𝑒0.15×20−1
           Eq. 3.4 

where 𝐿𝐴𝐼_𝑐𝑖  is the cumulative LAI above layer i, (1 ≤ i ≤ 20) and the layers are 

numbered from top to bottom. It should be noted that 20 layers are only for canopy with 

total LAI larger than 12. The number of layers decreases with total LAI accordingly. 

For instance, if the LAI is 2, only the first 10 layers are used to calculate the light 

distribution and photosynthesis (Figure 3.1a). 

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 (𝐼𝑖) is: 

𝐼𝑖 = 𝐼0𝑒−𝑘×𝐿𝐴𝐼_𝑐𝑖               Eq. 3.5 
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Figure 3.1 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. I, downward PPFD at the top of 

the canopy; Iabs, PPFD absorption per leaf area in ORCHIDEE trunk; Ishd,abs, PPFD 

absorption per leaf area in shaded leaves; Isun,abs, PPFD absorption per leaf area in sunlit 

leaves. 
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where k is the light extinction coefficient, taken equal to 0.5. 𝐼0 is the TOC downward 

shortwave radiation (W m−2).  

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 (𝐼𝑎𝑏𝑠𝑖) can be estimated as in Saeki (1960): 

𝐼𝑎𝑏𝑠𝑖 =
−𝑑𝐼

𝑑𝐿𝐴𝐼_𝑐
|𝐿𝐴𝐼_𝑐𝑖 =  𝑘𝐼0𝑒−𝑘𝐿𝐴𝐼_𝑐𝑖         Eq. 3.6 

Here we assume that all canopy layers are thin enough to neglect the difference in 

light absorption within each canopy layer. Then the absorbed radiation per leaf area in 

canopy layer i should equal to that at the top of the layer i, i.e. 𝐼𝑎𝑏𝑠𝑖 . 

It should be noted that the radiation considered to calculate the J term in Eq. 3.3 

is not shortwave radiation in W.m−2
 but photosynthetic photon flux density (PPFD) in 

μmol m−2s−1. A translation from 𝐼𝑎𝑏𝑠𝑖 .to the absorbed PPFD per leaf area in canopy 

layer i (𝑃𝑃𝐹𝐷𝑎𝑏𝑠𝑖) 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−2 is multiplied by 

a factor of 0.5 to calculate photosynthetically active radiation (PAR) in W m−2, and then 

a quanta-to-energy ratio of 4.6 mmol J−1 is used to convert PAR into PPFD in μmol 

m−2s−1. 

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 an increasing leaf nitrogen concentration, as well as Vcmax and Jmax with 

increasing height 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 (Zaehle et al., 2010): 

𝑉𝑐𝑚𝑎𝑥𝑖 = 𝑉𝑐𝑚𝑎𝑥0(1 − 0.7 × (1 −
𝐼𝑖

𝐼0
))        Eq. 3.7 

𝐽𝑚𝑎𝑥𝑖 = 𝐽𝑚𝑎𝑥0(1 − 0.7 × (1 −
𝐼𝑖

𝐼0
))         Eq. 3.8 
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It should be noted that in ORCHIDEE trunk, the leaf-scale assimilation variables 

(e.g. 𝑉𝑐𝑚𝑎𝑥 ) are also affected by the instantaneous air temperature and the 

temperature of the last month which plants have adapted to. The calculation of Cc 

depends on 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 S3.1) and Vcmax and 

Jmax are PFT-dependent. 

3.2.1.2 Light partitioning in ORCHIDEE_DF 

The lack of light quality (diffuse light fraction) information in most forcing 

datasets is one of the main difficulties when simulating the diffuse light effect. Here we 

partition the half-hourly downward PAR, which can be derived from the shortwave 

radiation, into diffuse and direct components following the Weiss and Norman (1985) 

empirical equation. 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 (see results and Figure S3.1). The diffuse PAR fraction (𝐹𝑑𝑓𝑃𝐴𝑅) 

above the canopy is estimated as: 

𝐹𝑑𝑓𝑃𝐴𝑅 = 1 −
𝑃𝐴𝑅𝑝,𝑑𝑟

𝑃𝐴𝑅𝑝
(1 − (

𝑎−𝑅

𝑏
)

2

3
)         Eq. 3.9 

where PARp and PARp,dr 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 between actual (observed) 

and potential total downward shortwave radiation (SWobs and SWp) reaching the top of 

the canopy: 

𝑅 =
𝑆𝑊𝑜𝑏𝑠

𝑆𝑊𝑝
               Eq. 3.10 

It should be noted that the potential downward shortwave radiation consists of 

potential downward PAR (visible, range 0.4-0.7μm) and potential downward near-

infrared radiation (NIR, range 0.7-5μm). Also the potential PAR and NIR are the sum 

of direct (PARp,dr, NIRp,dr) and diffuse (PARp,df, NIRp,df) components, given by: 

𝑆𝑊𝑝 = 𝑃𝐴𝑅𝑝 + 𝑁𝐼𝑅𝑝 = 𝑃𝐴𝑅𝑝,𝑑𝑟 + 𝑃𝐴𝑅𝑝,𝑑𝑓 + 𝑁𝐼𝑅𝑝,𝑑𝑟 + 𝑁𝐼𝑅𝑝,𝑑𝑓  Eq. 3.11 
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A simple atmospheric light transfer model modified from Weiss and Norman 

(1985) is used to estimate potential radiation. The potential direct PAR, 𝑃𝐴𝑅𝑝,𝑑𝑟 is 

calculated as: 

𝑃𝐴𝑅𝑝,𝑑𝑟 = 𝑃𝐴𝑅𝑇𝑂𝐴 𝑒−0.185(𝑝/𝑝0)𝑚 cos 𝜃        Eq. 3.12 

where 𝑃𝐴𝑅𝑇𝑂𝐴 is the PAR at top of atmosphere (TOA), p and p0 indicate the local and 

standard sea level air pressure, m is the optical air mass, calculated using the solar zenith 

angle 𝜃:  

𝑚 = (cos 𝜃)−1              Eq. 3.13 

The potential diffuse TOC PAR, 𝑃𝐴𝑅𝑝,𝑑𝑓 is assessed as: 

𝑃𝐴𝑅𝑝,𝑑𝑓 = 0.4(𝑃𝐴𝑅𝑇𝑂𝐴 cos 𝜃 − 𝑃𝐴𝑅𝑝,𝑑𝑟)        Eq. 3.14 

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 (𝑁𝐼𝑅𝑝,𝑑𝑟 and 𝑁𝐼𝑅𝑝,𝑑𝑓 

respectively), can be estimated as: 

𝑁𝐼𝑅𝑝,𝑑𝑟 = (𝑁𝐼𝑅𝑇𝑂𝐴𝑒−0.06(𝑝/𝑝0)𝑚 − 𝜔) cos 𝜃       Eq. 3.15 

𝑁𝐼𝑅𝑝,𝑑𝑓 = 0.6(𝑁𝐼𝑅𝑇𝑂𝐴 cos 𝜃 − 𝑁𝐼𝑅𝑝,𝑑𝑟 − 𝜔 cos 𝜃)      Eq. 3.16 

where 𝜔 is a flux term accounting for atmospheric water vapor absorption, calculated 

as a function of the solar constant (SC, in Wm−2) and m: 

𝜔 = 𝑆𝐶 × 10(−1.195+0.4459 log10 𝑚−0.0345(log10 𝑚)2)      Eq. 3.17 

Using the results from Eqs. 12, 14, 15 and 16, we are able to calculate the 𝑆𝑊𝑝 to 

obtain the value of R in Eq 10. 

It should be noted that the quanta-to-energy ratio (in mmol J−1) 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 PPFD calculation 

from PAR uses the observation-oriented empirical equations from Dye (2004): 

𝛽𝑡 = 4.576 − 0.03314𝐹𝑑𝑓𝑃𝐴𝑅          Eq. 3.18 

𝛽𝑑𝑓 =
4.5886𝐹𝑑𝑓𝑃𝐴𝑅

0.010773+𝐹𝑑𝑓𝑃𝐴𝑅
            Eq. 3.19 
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where the 𝛽𝑡 is the quanta-to-energy ratio for the total PAR (PARt) at the top of the 

canopy, while 𝛽𝑑𝑓 is for its diffuse component (PARdf): 

𝑃𝑃𝐹𝐷𝑡 = 𝛽𝑡𝑃𝐴𝑅𝑡             Eq. 3.20 

𝑃𝑃𝐹𝐷𝑑𝑓 = 𝛽𝑑𝑓𝑃𝐴𝑅𝑑𝑓            Eq. 3.21 

The diffuse PPFD fraction (𝐹𝑑𝑓𝑃𝑃𝐹𝐷) can thus be calculated as: 

𝐹𝑑𝑓𝑃𝑃𝐹𝐷 =
𝑃𝑃𝐹𝐷𝑑𝑓

𝑃𝑃𝐹𝐷𝑡
=

𝛽𝑑𝑓

𝛽𝑡
𝐹𝑑𝑓𝑃𝐴𝑅          Eq. 3.22 

3.2.1.3 Canopy light transmission in ORCHIDEE_DF 

In ORCHIDEE_DF, we use the same stratification of canopy as in the trunk 

version (Eq. 3.4). But for the light transmission, we use a two-stream radiative transfer 

model following Spitters (1986). For convenience, we use radiation and I in this section 

to refer to the PPFD derived from the light partitioning step. 

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, σ, 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 (Figure 3.2): the direct light which has not been intercepted by leaves 

(𝐼𝑑𝑟,𝑑𝑟), the diffuse light generated by leaf scattering of intercepted direct light (𝐼𝑑𝑟,𝑑𝑓), 

and the diffuse light in the canopy provided by the TOC diffuse radiation (𝐼𝑑𝑓). It should 

be noted that the diffuse light generated by multiple times of scattering of the direct 

light is grouped into 𝐼𝑑𝑟,𝑑𝑓, while those from the scattering of TOC diffuse radiation 

belong to 𝐼𝑑𝑓  (Figure 3.2). The sum of 𝐼𝑑𝑟,𝑑𝑟  and 𝐼𝑑𝑟,𝑑𝑓  hereafter noted as 𝐼𝑑𝑟 

represents the total radiation in each canopy later derived from the TOC direct radiation, 

hereafter 𝐼𝑑𝑟,0. 

If we also consider direct radiation as parallel beams, only the first leaves on the 

way of direct light can absorb 𝐼𝑑𝑟,𝑑𝑟. These leaves are referred to as sunlit leaves. The 
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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 

(Figure 3.1b): 

𝐿𝐴𝐼𝑓𝑠𝑢𝑛,𝑖 = 𝑒−𝑘𝑏𝐿𝐴𝐼_𝑐𝑖            Eq. 3.23 

where 𝐿𝐴𝐼𝑓𝑠𝑢𝑛,𝑖 is the fraction of sunlit LAI in canopy layer i. LAI_ci is the cumulative 

LAI in Eq. 3.4. kb is the extinction coefficient if the leaves are assumed “black”. A 

 

Figure 3.2 The diagram of the canopy light transmission in ORCHIDEE_DF. Idr,0, 

downward direct PPFD at the top of the canopy; Idf,0, downward diffuse PPFD at the 

top of the canopy; LAI_ci, cumulative LAI above canopy layer i; Idr,dr,i, downward direct 

PPFD at the top of canopy layer i; Idr,df,i, net diffuse PPFD derived from the scattering 

of Idr,0 at the top of canopy layer i, equal to the difference of its downward (Idr,df,down,i) 

and upward (Idr,df,up,i) components; Idf,i, net diffuse PPFD derived from Idf,0 at the top of 

canopy layer i, equal to the difference of its downward (Idf,down,i) and upward (Idf,up,i) 

components. 
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function of 𝜃, leaf angle distribution index (LA) and leaf clumping index (LC) is used 

to represent the geometry between the direct radiation and leaves: 

𝑘𝑏 =
𝐿𝐴∗𝐿𝐶

cos 𝜃
               Eq. 3.24 

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 𝐼𝑑𝑟,𝑑𝑟  are referred to as shaded leaves. The 

fraction of shaded LAI in canopy layer i (𝐿𝐴𝐼𝑓𝑠ℎ𝑑,𝑖) is thus the complement of 𝐿𝐴𝐼𝑓𝑠𝑢𝑛,𝑖: 

𝐿𝐴𝐼𝑓𝑠ℎ𝑑,𝑖 = 1 − 𝐿𝐴𝐼𝑓𝑠𝑢𝑛,𝑖            Eq. 3.25 

Because 𝐼𝑑𝑟,𝑑𝑟 is assumed not to be transmitted as direct radiation through leaves, 

𝐼𝑑𝑟,𝑑𝑟,𝑖, which represents 𝐼𝑑𝑟,𝑑𝑟 at layer i can be calculated similarly as in Eq. 3.23 

using the downward direct radiation at the top of the canopy (𝐼𝑑𝑟,0): 

𝐼𝑑𝑟,𝑑𝑟,𝑖 = 𝐼𝑑𝑟,0𝑒−𝑘𝑏𝐿𝐴𝐼_𝑐𝑖            Eq. 3.26 

The transmission of 𝐼𝑑𝑟,𝑑𝑓 is difficult to estimate directly. Here we calculate it as 

the difference between 𝐼𝑑𝑟 and 𝐼𝑑𝑟,𝑑𝑟 in each layer: 

𝐼𝑑𝑟,𝑑𝑓,𝑖 = 𝐼𝑑𝑟,𝑖 − 𝐼𝑑𝑟,𝑑𝑟,𝑖            Eq. 3.27 

where 𝐼𝑑𝑟,𝑑𝑓,𝑖 and 𝐼𝑑𝑟,𝑖 represent net (downward minus upward) 𝐼𝑑𝑟,𝑑𝑓 and net 𝐼𝑑𝑟 

at layer i, respectively. 

The calculation of 𝐼𝑑𝑟,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 the canopy layers and that the canopy is deep enough to neglect the reflection 

of the soil: 

𝐼𝑑𝑟,𝑖 = (1 − 𝜌)𝐼𝑑𝑟,0𝑒−√1−𝜎𝑘𝑏𝐿𝐴𝐼_𝑐𝑖          Eq. 3.28 

where 𝜌 indicates the canopy reflection coefficient (i.e. the ratio between the TOC 

downward and upward radiation), calculated as: 

𝜌 = (
1−√1−𝜎

1+√1−𝜎
)(

2

1+1.6𝑐𝑜𝑠𝜃
)            Eq. 3.29 
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In contrast to the direct light transmission, the diffuse light will not change its 

directional characteristics when scattered by leaves. Similar to Eq. 3.5, net 𝐼𝑑𝑓  at 

canopy layer i (𝐼𝑑𝑓,𝑖) can be estimated using TOC downward diffuse radiation (𝐼𝑑𝑓,0) in 

a Beer-Lambert equation: 

𝐼𝑑𝑓,𝑖 = (1 − 𝜌)𝐼𝑑𝑓,0𝑒−𝑘𝑑𝐿𝐴𝐼_𝑐𝑖           Eq. 3.30 

where 𝑘𝑑  is the light extinction coefficient for diffuse light, calculated following 

Spitters (1986) as: 

𝑘𝑑 = 0.8√1 − 𝜎              Eq. 3.31 

Similar to Eq. 3.6, the flux of light that is absorbed per canopy leaf area in layer i 

from 𝐼𝑑𝑓  ( 𝐼𝑎𝑏𝑠𝑑𝑓,𝑖 ), 𝐼𝑑𝑟  ( 𝐼𝑎𝑏𝑠𝑑𝑟,𝑖 ), and 𝐼𝑑𝑟,𝑑𝑟  ( 𝐼𝑎𝑏𝑠𝑑𝑟,𝑑𝑟,𝑖 ) can be written 

respectively as: 

𝐼𝑎𝑏𝑠𝑑𝑓,𝑖 =
−𝑑𝐼𝑑𝑓

𝑑𝐿𝐴𝐼_𝑐
|𝐿𝐴𝐼_𝑐𝑖 = 𝑘𝑑𝐼𝑑𝑓,𝑖         Eq. 3.32 

𝐼𝑎𝑏𝑠𝑑𝑟,𝑖 =
−𝑑𝐼𝑑𝑟

𝑑𝐿𝐴𝐼_𝑐
|𝐿𝐴𝐼_𝑐𝑖 = √1 − 𝜎𝑘𝑏𝐼𝑑𝑟,𝑖        Eq. 3.33 

𝐼𝑎𝑏𝑠𝑑𝑟,𝑑𝑟,𝑖 =
−𝑑𝐼𝑑𝑟,𝑑𝑟

𝑑𝐿𝐴𝐼_𝑐
|𝐿𝐴𝐼_𝑐𝑖 = 𝑘𝑏𝐼𝑑𝑟,𝑑𝑟,𝑖        Eq. 3.34 

The 𝐼𝑑𝑟,𝑑𝑓 absorbed per canopy leaf area by layer i (𝐼𝑎𝑏𝑠𝑑𝑟,𝑑𝑓,𝑖) is: 

𝐼𝑎𝑏𝑠𝑑𝑟,𝑑𝑓,𝑖 = 𝐼𝑎𝑏𝑠𝑑𝑟,𝑖 − 𝐼𝑎𝑏𝑠𝑑𝑟,𝑑𝑟,𝑖         Eq. 3.35 

It should be noted that all leaves can absorb diffuse radiation. Therefore Eq. 3.32 

and Eq. 3.35 also represent the absorption of 𝐼𝑑𝑓 and 𝐼𝑑𝑟,𝑑𝑓 at the leaf scale. However, 

𝐼𝑑𝑟,𝑑𝑟 is only absorbed by sunlit leaves, thus the absorption of 𝐼𝑑𝑟,𝑑𝑟 per sunlit leaf 

area does not equal to 𝐼𝑎𝑏𝑠𝑑𝑟,𝑑𝑟,𝑖 , which is the average at canopy scale. Instead, 

because 𝐼𝑑𝑟,𝑑𝑟 does not change its intensity, the absorption of 𝐼𝑑𝑟,𝑑𝑟 per sunlit leaf 

area can be written as: 

𝐼𝑎𝑏𝑠𝑑𝑟,𝑑𝑟,𝑖,𝑠𝑢𝑛 = (1 − 𝜎)𝑘𝑏𝐼𝑑𝑟,0          Eq. 3.36 

We have assumed that shaded leaves can only absorb diffuse light. Then, the 

radiation absorbed (per leaf area) by shaded leaves layer i (𝐼𝑠ℎ𝑑,𝑖,𝑎𝑏𝑠) is: 

𝐼𝑎𝑏𝑠𝑠ℎ𝑑,𝑖 = 𝐼𝑎𝑏𝑠𝑑𝑓,𝑖 + 𝐼𝑎𝑏𝑠𝑑𝑟,𝑑𝑓,𝑖          Eq. 3.37 
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The sunlit leaves also absorb the direct light besides diffuse light. The radiation 

received by sunlit leaves can thus calculated as: 

𝐼𝑎𝑏𝑠𝑠𝑢𝑛,𝑖 = 𝐼𝑎𝑏𝑠𝑠ℎ𝑑,𝑖 + 𝐼𝑎𝑏𝑠𝑑𝑟,𝑑𝑟,𝑖,𝑠𝑢𝑛         Eq. 3.38 

Apart from light transmission, all other parameters (e.g. Vcmax, Jmax) in 

ORCHIDEE_DF are kept the same as in ORCHIDEE trunk. 

3.2.2 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 total 252 sites. 

Because our ORCHIDEE simulations assumes 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, observations of 655 site-years 

from 159 sites were retained (Table S3.2). The annual climate of the sites spans from 

−9 to 27 oC in temperature, and from 67 mm yr−1 to over 3000 mm yr−1 in precipitation 

(Figure S3.2), 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 (Eqs 9-20). 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 S3.1) 

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 

http://www.fluxdata.org/
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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 S3.2. 

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 Thille 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 on the 

following years (not shown). 

3.2.3 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 be not 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: 

GPPm> GPPm,min+(GPPm,max−GPPm,min)/4        Eq. 3.39 

where GPPm is the observed monthly GPP, GPPm,min and GPPm,max are the observed 

minimum and maximum monthly GPP at corresponding site. 

To assess the effect of variable diffuse light fraction on both GPP and light use 

efficiency (LUE, the ratio between GPP and incoming shortwave radiation), we look at 

the difference in GPP and LUE during sunny and cloudy conditions. We define sunny 

and cloudy conditions as those when the fraction of diffuse PPFD at the top of the 

canopy (𝐹𝑑𝑓𝑃𝑃𝐹𝐷) is smaller than 0.4 and greater than 0.8, respectively, and calculate 

the average sunny and cloudy GPP and LUE at each site. It should be noted that 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 
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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 modelled LAI under cloudy and sunny cognitions differing over 0.3 are 

excluded. 

Table 3.1 Variables in this study 

variable meaning 

A Net photosynthesis rate 

Ac Rubisco activity limited net photosynthesis rate 

Aj Electron transport limited net photosynthesis rate 

Cc Chloroplast CO2 partial pressure 

FdfPAR The fraction of diffuse PAR in total PAR 

FdfPPFD The fraction of diffuse PPFD in total PPFD 

I Leaf layer in canopy, for the top layer, i = 1 

I0 Downward shortwave radiation at the top of the canopy 

Iabsdf,i Average absorption of Idf per unit leaf area in canopy layer i 

Iabsdr,df,i Average absorption of Idr,df per unit leaf area in canopy layer i 

Iabsdr,dr,i Average absorption of Idr,dr per unit leaf area in canopy layer i 

Iabsdr,dr,i,sun Absorption of Idr,dr per sunlit unit leaf area in canopy layer i 

Iabsdr,i Average absorption of Idr per unit leaf area in canopy layer i 

Iabsi Average radiation absorption per unit leaf area in canopy layer i 

Iabsshd,i PPFD absorbed by shaded leaves per unit leaf area in canopy layer i 

Iabssun,i PPFD absorbed by sunlit leaves per unit leaf area in canopy layer i 

Idf,0 Diffuse downward PPFD at the top of the canopy 

Idf,i Net PPFD derived from Idf,0 at the top of canopy layer i 

Idr,0 Direct downward PPFD at the top of the canopy 

Idr,df,i 
Net diffuse PPFD derived from the scattering of Idr,0 at the top of canopy 

layer i 

Idr,dr,i Downward direct PPFD at the top of canopy layer i 

Idr,i 
Net PPFD derived from Idr,0 at the top of canopy layer i, the sum of Idr,dr,i 

and Idr,df,i 

Ii Downward shortwave radiation arriving at canopy layer i 

J Rate of electron transport 

Jmax Maximum value of J under saturated light, depending on temperature 

Jmax0 Jmax at the top of the canopy 

Jmaxi Jmax at the canopy layer i 

k Light extinction coefficient in ORCHIDEE trunk 

kb Light extinction coefficient when leaves are assumed black 

kd Light extinction coefficient for diffuse PPFD 

KmC Michaelis constants for CO2, depending on temperature 

KmO Michaelis constants for O2, depending on temperature 
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LAI_ci Cumulative LAI above canopy layer i 

LAIfshd,i 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 

NIRp Potential total downward near infrared radiation at the top of the canopy 

NIRp,df Potential diffuse downward near infrared radiation at the top of the canopy 

NIRp,dr Potential direct downward near infrared radiation at the top of the canopy 

NIRTOA Downward near infrared radiation at the top of the atmosphere 

O Chloroplast O2 partial pressure 

p Air pressure near surface 

p0 Standard sea level air pressure 

PARp 
Potential total downward photosynthetically active radiation at the top of 

the canopy 

PARp,df 
Potential diffuse downward photosynthetically active radiation at the top of 

the canopy 

PARp,dr 
Potential direct downward photosynthetically active radiation at the top of 

the canopy 

PARTOA Downward photosynthetically active radiation at the top of the atmosphere 

PPFDabsi 
Average photosynthetic photon flux density absorption per unit leaf area in 

canopy layer i 

PPFDdf, Idf,0 Diffuse downward photosynthetic photon flux density above canopy 

PPFDt Total downward photosynthetic photon flux density above canopy 

R 
Ratio between actual and potential downward shortwave radiation at the top 

of the canopy 

Rd Dark respiration 

SWobs Actual (observed) downward shortwave radiation at the top of the canopy 

SWp 
Potential (under clearsky conditions without clouds and aerosols) 

downward shortwave radiation at the top of the canopy 

Vcmax 
Maximum rate of Rubisco activity-limited carboxylation, depending on 

temperature 

Vcmax0 Vcmax at the top of the canopy 

Vcmaxi Vcmax at the canopy layer i 

βdf Quanta-to-energy ratio for diffuse PAR 

βt Quanta-to-energy ratio for total PAR 

Γ* CO2 compensation point in the absence of Rd 

θ Solar zenith angle 

ρ 
The reflection coefficient of the canopy, i.e. the ratio between the 

downward and upward radiation at the top of the canopy 

ω Term accounting for atmospheric water vapor absorption 
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3.3 Results 

3.3.1 Diffuse light fraction 

Figure 3.3 shows the relationship between 30-min modeled and measured 

𝐹𝑑𝑓𝑃𝑃𝐹𝐷 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. 

 

 

3.3.2 General model performance 

The performance of both ORCHIDEE trunk and ORCHIDEE_DF for 30-min GPP 

from each PFT (all sites) is presented in Figure 3.4. Generally, ORCHIDEE trunk 

 

Figure 3.3 Modeled and observed diffuse PPFD fraction. The dark area indicates 

high data density, while light area indicates low data density. 
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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 (Figure 3.4a). The correlation coefficients between trunk GPP and 

observations are generally between 0.5 and 0.7 among PFTs (Figure 3.4b). 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 (Figure 3.4a). 

Similar evaluations on the GPP from the two models are performed under cloudy 

and sunny conditions respectively (Figure 3.4c-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 (Figure 3.4d). 

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) (Figure 

3.4c). 

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 (Figure 3.4f). 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 (Figure 3.4e). 
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Figure 3.4 Performance of ORCHIDEE trunk and ORCHIDEE_DF at different 

PFTs. (a) the Taylor plot of GPP, all valid 30min observations are used as reference, 

the filled circles indicate ORCHIDEE trunk, opened circles indicate 

ORCHIDEE_DF. (b) comparison of the correlation coefficients between the two 

models and observations. (c) and (e) same as (a) but for cloudy (diffuse light 

fraction >0.8) and sunny (diffuse light fraction<0.4) conditions only. (d) and (f) 

same as (b) but for cloudy and sunny conditions only. 
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3.3.3 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 ∆GPP), 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 3.5 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 limit of low temperature on photosynthesis at the BoDBF sites (mean 

annual temperature<3 oC). 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 ΔGPP) (Figure 

3.6a). Observations and ORCHIDEE_DF show a positive bias in ΔGPP, with ΔGPP 

values between 0-3×10−4 gC m−2 s−1 at most sites. However, for ORCHIDEE trunk, 

ΔGPP 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.
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Figure 3.5 Observed GPP and GPP modeled by ORCHIDEE trunk and ORCHIDEE_DF under cloudy (diffuse light fraction >0.8) and sunny (diffuse light 

fraction<0.4) conditions at selected sites (with relatively long time series) from each PFT. 
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It should be noted that ΔGPP can be affected by PPFD. At sites where sunny and 

cloudy conditions only coexist at a relatively low PPFD level, the ΔGPP should be also 

small. To remove the effect of PPFD level on ΔGPP, we analyzed the difference in LUE, 

i.e. ΔLUE, between the two conditions (Figure 3.6b). Compared with ΔGPP, positive 

ΔLUE values are more evenly distributed around 0-15×10−8 gC μmol−1 photon for 

observation and ORCHIDEE_DF simulation. For ORCHIDEE trunk, the ΔLUE has the 

range of 0-8 ×10−8 gC μmol−1 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 (Figure 3.7). Results for three different periods in the day 

show that in the morning and afternoon, cloudy conditions result in higher GPP of 0-

5×10−4 gC m−2 s−1 than sunny conditions at most sites, which is generally captured by 

ORCHIDEE_DF but missed by ORCHIDEE trunk in the morning (Figure 3.6a, c). At 

midday, due to the dependence of Fdf on PPFD (Eq. 3.9, 3.10), we fail at many sites to 

 

Figure 3.6 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. It should be noted that the light level is controlled the same for sunny and 

cloudy conditions at each site. 
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find PPFD levels where sunny and cloudy conditions coexist. Nevertheless, the result 

generally indicates larger mid-day ΔGPP than those in the morning and afternoon. It 

should be noted that this large difference is captured by both ORCHIDEE_DF and 

ORCHIDEE trunk (Figure 3.7b). Because the diffuse and direct lights are treated 

indifferently in ORCHIDEE trunk, this midday ΔGPP should be mainly contributed by 

other environmental factors other than diffuse light fraction. The ΔLUE derived by 

ORCHIDEE_DF also shows a largely similar distribution as in observations, but 

ORCHIDEE trunk underestimates the morning and afternoon ΔLUE (Figure 3.7d-f). 

3.3.4 Interactions between diffuse light and environmental factors 

As implied by figure 3.7, the diffuse light fraction is not the only factor causing 

ΔGPP. 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 

 

Figure 3.7 Same as Figure 3.6 but for different time of the day. 
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temperature and VPD gradients in Figure 3.8. To remove the effect of PPFD level, we 

only show ΔLUE. 

 

Figure 3.8 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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ΔLUE shows a unimodal curve along the temperature gradient for observation and 

the two models (Figure 3.8a). At low temperature, both models indicate a very low 

ΔLUE of 1 gC μmol−1 photon, which is about 1/3 of the ΔLUE derived from 

observations. With increasing temperature, the observed ΔLUE shows a maximum at 

10-20 °C, with a magnitude of ~8×10−8 gC μmol−1 photon and declines slightly at higher 

temperatures. The peak of ΔLUE simulated by ORCHIDEE_DF has a magnitude 

comparable to that of observations, but at higher temperature (20-25 °C) than in 

observations. The ΔLUE simulated by ORCHIDEE trunk is much smaller, with a peak 

of ~4×10−8 gC μmol−1 photon at 10-15 °C. 

The effect of VPD on ΔLUE is shown in Figure 3.8b. For observations and both 

model simulations, a monotonic decreasing trend of ΔLUE along the VPD gradient is 

found. The ΔLUE from observations and ORCHIDEE_DF show a comparable 

magnitude, from 8×10−8 gC μmol−1 photon at VPD<0.5 kPa to 5×10−8 gC μmol−1 

photon at 2-4 kPa VPD level. The ΔLUE 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. Vcmax). Here we analyzed the ΔLUE in forests and 

short vegetation (grasslands and croplands) separately (Figure 3.8c-f). In forests (Figure 

3.8c, d), ORCHIDEE_DF underestimates ΔLUE at temperatures lower than 20 °C. It 

also largely captures the observed ΔLUE trend with VPD, while ORCHIDEE trunk 

underestimates ΔLUE at all cases. Compared with forests, in short vegetation (Figure 

3.8e, f), observations show a stronger decline of ΔLUE at high temperatures (>25 °C) 

and high VPD conditions (>0.5 kPa). However, for ORCHIDEE_DF, the short 

vegetation ΔLUE remains as high as for forests. 

Figure 3.9 shows the distribution of ΔLUE in the T-VPD dimensions. Observations 

indicate that the largest ΔLUE is reached under conditions when temperature is in the 

range 5-20 °C and VPD <1 kPa (Figure 3.9a). The ΔLUE under such conditions is 

usually over 7×10−8 gC μmol−1 photon. When the temperature is lower than 5 °C or 

higher than 20 °C, or VPD becomes larger than 1 kPa, ΔLUE tends to decline. 

Compared with observations, the ΔLUE simulated by ORCHIDEE_DF shows a similar 

decreasing trend with VPD at all temperature levels (Figure 3.9c), however, no obvious 
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decline of ΔLUE is found at high temperatures. The ΔLUE simulated by ORCHIDEE 

trunk is much smaller compared with observations (Figure 3.9b). 

The ΔLUE from forests and short vegetation are shown separately in Figure 3.10. 

Based on site level observations (Figure 3.10a), both vegetation types show a larger 

ΔLUE at lower VPD between 5-20 °C. In forests, there is also large ΔLUE at high 

temperature conditions, which mainly occurs in tropical forests (Figure S3.3). 

Nevertheless, ORCHIDEE_DF still overestimates the ΔLUE at high temperatures 

(Figure 3.10e), which is mainly due to the overestimation of ΔLUE at high temperatures 

for temperate forests (Figure S3.3). 

 

Figure 3.9 The distribution of LUE difference between cloudy and sunny conditions (ΔLUE) in 

temperature-VPD field. The upper numbers in each grid indicate the average of site level ΔLUE, while 

numbers in brackets indicate the number of sites with valid data. (a) the ΔLUE based on observations, (b) 

the ΔLUE based on ORCHIDEE trunk, (c) the ΔLUE based on ORCHIDEE_DF 
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Compared with forests, the short vegetation shows a much stronger decline of 

ΔLUE at higher VPD level (Figure 3.10b), however, it is not well captured by 

ORCHIDEE_DF (Figure 3.10f). In most cases, ORCHIDEE trunk tend to strongly 

underestimate ΔLUE unless the observed ΔLUE is small or negative (e.g. VPD > 2kPa 

for short vegetation). 

 

Figure 3.10 same as Figure 3.9 but for forests (a, c, e) and for short vegetation (b, d, f). 
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3.4 Discussion 

3.4.1 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; Mission et al., 2005; Alton et al., 

2007; 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 attempt 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 important, reproduced the observed impacts of diffuse light on 

GPP and LUE for most of the PFTs (Figures 3.4-3.6). Under cloudy conditions, 

ORCHIDEE_DF seems to perform slightly worse compared with ORCHIDEE trunk 

(Figure 3.4). 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. On the contrary, 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 (Figure 3.5) 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 lit 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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3.4.2 Factors affecting diffuse light effect on GPP 

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 higher diffuse light fraction under cloudier 

conditions (Wang et al., 2018). Our results show that in the morning and the afternoon, 

higher diffuse PAR fraction is the main factor causing the larger GPP under cloudy 

conditions compared with sunny conditions, as only ORCHIDEE_DF reproduced the 

observed positive ΔGPP during the two period (Figure 3.7). 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 (Figure 3.7). A similar effect is also reported by Cheng et al. 

(2015), who found in croplands that 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 a 

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 to photosynthesis. For instance, 

if the vegetation is cold stressed, 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 (Figures 3.9, 3.10). 

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 (Figure 3.5), resulting in higher ΔGPP. Nevertheless, in 

this study we investigated LUE apart from GPP, which has removed this effect. 

Besides environmental factors, the canopy structure is also very important. 
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Theoretically, thicker canopies with large LAI tend to be more sensitive to diffuse light 

because a larger fraction of shaded leaves, that are light limited, are distributed in deep 

canopies (Figure 3.1). Existing LAI observations at flux sites suggested a very weak 

positive effect of LAI on ΔLUE (Figure S3.4). However, the LAI observations are not 

well defined (maximum or average) and remain very limited in the current FLUXNET 

dataset (less than 10 in each LAI interval), more LAI observations are needed to test 

this effect. In our study, LAI simulated by ORCHIDEE trunk and ORCHIDEE_DF are 

very similar (not shown), thus it should not be the reason causing the difference in 

ΔGPP and ΔLUE in the two models. 

3.4.3 Uncertainties 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). Although these methods have been more or less proven useful, biases remain in 

the predicted diffuse light fraction under all aerosol and cloud conditions, which 

inevitably introduces some uncertainties to our analyses. However, such methods are 

currently the most feasible approach at flux site level. A more systematic measurement 

of direct and diffuse surface radiation is 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 traits 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 in reality. 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, Cescatti and Niinemets, 2005). These more complex processes 

should be considered in future model development. Nevertheless, our simplified light 

transmission already succeeds reproducing the observed diffuse light impact. 

There are other sources of uncertainties in complex land surface models. Although 
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ORCHIDEE_DF reproduces the magnitude of the diffuse light effect, it fails to 

reproduce the response of ΔLUE to temperature. For all PFTs, ORCHIDEE_DF 

underestimates the ΔLUE at low temperatures, and overestimates ΔLUE at high 

temperatures (Figure 3.8). 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 due to parameterization of 

temperature acclimation which is based on observation mainly from a narrow 

temperature range (11-29 oC) (Kattge et al., 2007). In short vegetation, the introduction 

of diffuse light into the model results in an increase of ΔLUE at high temperatures and 

high VPD (Figure 3.8, 3.10), indicating the vegetation simulated by ORCHIDEE trunk 

remains light limited under such conditions. However, the strong decrease trend of 

observed ΔLUE along temperature and VPD gradients indicates a heat and VPD stress. 

This implies that parameters in current ORCHIDEE version may have underestimated 

the response of grassland and cropland photosynthesis to heat and dry stress. 

3.5 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 time of a day, however, the mechanisms causing this effect are different 

at midday from morning and afternoon. In morning and afternoon, the increase in GPP 

is mainly contributed 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 7×10−8 gC μmol−1 photon. The 
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maximum LUE is found at temperatures between 5 and 20 °C with VPD < 1 kPa. With 

increasing VPD, 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 over a large number of sites over the globe, we are confident that, with this 

improved model framework, 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. 
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Contents of this file  

 

Figures S3.1 to S3.4 

Table S3.1 and S3.2 

 

 

Figure S3.1 Same as Figure 3.3 but diffuse PPFD fraction calculated using method 

from Spitters (1986).  

Figure S3.2 Mean annual climate of at the sites used in this study. The colors indicate 

different PFTs. Color codes are shown in Figure 3.4 

Figure S3.3 Same as Figure 3.10 but for tropical forests (a, d, g), temperate forests (b, 

e, h) and boreal forests (c, f, i) respectively 

Figure S3.4 Same as Figure 3.8a, but for LAI 

 

Table S3.1 Plant functional types (PFT) in ORCHIDEE 

Table S3.2 The information of the flux sites used in this study 
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Figure S3.1 

 

 

 

Figure S3.2 
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Figure S3.3 
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Figure S3.4  

 

 

Table S3.1 Plant functional types (PFT) in ORCHIDEE 

PFT number PFT abbreviation PFT name 

1  Bare soil 

2 TrEBF Tropical broad-leaved evergreen forests 

3 TrDBF Tropical broad-leaved raingreen forests 

4 TeENF Temperate needleleaf evergreen forests 

5 TeEBF Temperate broad-leaved evergreen forests 

6 TeDBF Temperate broad-leaved summergreen forests 

7 BoENF Boreal needleleaf evergreen forests 

8 BoDBF Boreal broad-leaved summergreen forests 

9 BoDNF Boreal needleleaf summergreen forests 

10 C3Gra C3 grasslands 

11 C4Gra C4 grasslands 

12 C3Cro C3 croplands 

13 C4Cro C4 croplands 
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Table S3.2 The information of the flux sites used in this study 

Site name Latitude Longitude PFT_ORCHIDEE time 

AT-Neu 47.12 11.32 GraC3 2002-2006 

AU-Tum -35.66 148.15 TeEBF 2001-2006 

AU-Wac -37.43 145.19 TeEBF 2005-2007 

BE-Bra 51.31 4.52 MF* 1997-2006 

BE-Jal 50.56 6.07 MF 2006 

BE-Lon 50.55 4.74 CroC3 2004-2006 

BE-Vie 50.31 6 MF 1996-2006 

BR-Ban -9.82 -50.16 TrEBF 2003-2006 

BR-Ji1 -10.76 -62.36 GraC4 1999 

BR-Ji2 -10.08 -61.93 TrEBF 2000-2002 

BR-Ma2 -2.61 -60.21 TrEBF 1999-2006 

BR-Sa2 -3.01 -54.54 CroC3 2001-2002 

BR-Sa3 -3.02 -54.97 TrEBF 2000-2003 

BR-Sp1 -21.62 -47.65 TrDBF 2001-2002 

CA-Ca1 49.87 -125.33 TeENF 1997-2005 

CA-Ca3 49.53 -124.9 TeENF 2001-2005 

CA-Gro 48.22 -82.16 MF 2003-2005 

CA-Oas 53.63 -106.2 BoDBF 1997-2005 

CA-Obs 53.99 -105.12 BoENF 1999-2005 

CA-Ojp 53.92 -104.69 BoENF 1999-2005 

CA-Qfo 49.69 -74.34 BoENF 2003-2006 

CA-SF1 54.49 -105.82 BoENF 2003-2005 

CA-SJ3 53.88 -104.65 BoENF 2004-2005 

CA-TP2 42.77 -80.46 TeENF 2003-2005 

CA-TP3 42.71 -80.35 TeENF 2003-2005 

CA-TP4 42.71 -80.36 TeENF 2003-2005 

CA-WP1 54.95 -112.47 MF 2003-2005 

CA-WP2 55.54 -112.33 GraC3 2004 

CA-WP3 54.47 -113.32 GraC3 2004 

CH-Oe1 47.29 7.73 GraC3 2002-2006 

CH-Oe2 47.29 7.73 CroC3 2005 

CN-Anh 33 117 TeDBF 2005-2006 

CN-Bed 39.53 116.25 TeEBF 2005-2006 

CN-Cha 42.4 128.1 MF 2003 

CN-Do1 31.52 121.96 GraC4 2005 

CN-Du1 42.05 116.67 CroC3 2005-2006 

CN-Du2 42.05 116.28 GraC3 2006 

CN-HaM 37.37 101.18 GraC3 2002-2004 

CN-Xfs 44.13 116.33 GraC3 2004-2006 

CN-Xi1 43.55 116.68 GraC3 2006 

CN-Xi2 43.55 116.67 GraC3 2006 

CZ-BK1 49.5 18.54 TeENF 2000-2006 
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CZ-BK2 49.5 18.54 GraC3 2004-2006 

CZ-wet 49.03 14.77 GraC3 2006 

DE-Bay 50.14 11.87 TeENF 1996-1999 

DE-Geb 51.1 10.91 CroC3 2004-2006 

DE-Gri 50.95 13.51 GraC3 2005-2006 

DE-Hai 51.08 10.45 TeDBF 2000-2006 

DE-Har 47.93 7.6 TeENF 2005-2006 

DE-Kli 50.89 13.52 CroC3 2004-2006 

DE-Tha 50.96 13.57 TeENF 1996-2006 

DE-Wet 50.45 11.46 TeENF 2002-2006 

DK-Fou 56.48 9.59 CroC3 2005 

DK-Lva 55.68 12.08 GraC3 2005-2006 

DK-Ris 55.53 12.1 CroC3 2004-2005 

DK-Sor 55.49 11.65 TeDBF 1996-2006 

ES-ES1 39.35 -0.32 TeENF 1999-2006 

ES-ES2 39.28 -0.32 CroC3 2004-2006 

ES-LMa 39.94 -5.77 TeDBF 2004-2006 

ES-VDA 42.15 1.45 GraC3 2004-2006 

FI-Hyy 61.85 24.29 BoENF 1996-2006 

FI-Kaa 69.14 27.3 GraC3 2000-2006 

FI-Sii 61.83 24.19 GraC3 2004-2005 

FR-Aur 43.55 1.11 CroC3 2005 

FR-Fon 48.48 2.78 TeDBF 2005-2006 

FR-Hes 48.67 7.06 TeDBF 1997-2006 

FR-Lam 43.49 1.24 CroC4 2005 

FR-Lq1 45.64 2.74 GraC3 2004-2006 

FR-Lq2 45.64 2.74 GraC3 2004-2006 

FR-Pue 43.74 3.6 TeEBF 2000-2006 

GF-Guy 5.28 -52.93 TrEBF 2004-2006 

HU-Bug 46.69 19.6 GraC3 2002-2006 

HU-Mat 47.85 19.73 GraC3 2004-2006 

ID-Pag 2.35 114.04 TrEBF 2002-2003 

IE-Ca1 52.86 -6.92 CroC3 2004-2006 

IE-Dri 51.99 -8.75 GraC3 2003-2005 

IL-Yat 31.35 35.05 TeENF 2001-2006 

IT-Amp 41.9 13.61 GraC3 2002-2006 

IT-Be2 46 13.03 CroC4 2006 

IT-Bon 39.48 16.53 TeENF 2006 

IT-Col 41.85 13.59 TeDBF 1996-2006 

IT-Cpz 41.71 12.38 TeEBF 1997-2006 

IT-Lav 45.96 11.28 TeENF 2000-2006 

IT-Lec 43.3 11.27 TeEBF 2005-2006 

IT-LMa 45.58 7.15 TeDBF 2003-2006 

IT-Mal 46.12 11.7 GraC3 2003-2006 
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IT-MBo 46.02 11.05 GraC3 2003-2006 

IT-Noe 40.61 8.15 TeENF 2004-2006 

IT-Pia 42.58 10.08 TeENF 2002-2005 

IT-Ren 46.59 11.43 TeENF 1999-2006 

IT-Ro2 42.39 11.92 TeDBF 2002-2006 

IT-SRo 43.73 10.28 TeENF 1999-2006 

JP-Mas 36.05 140.03 CroC3 2002-2003 

JP-Tak 36.15 137.42 TeDBF 1999-2004 

KR-Hnm 34.55 126.57 CroC3 2004-2006 

NL-Ca1 51.97 4.93 GraC3 2003-2006 

NL-Haa 52 4.81 GraC3 2003-2004 

NL-Lan 51.95 4.9 CroC4 2005-2006 

NL-Loo 52.17 5.74 TeENF 1996-2006 

NL-Lut 53.4 6.36 CroC3 2006 

NL-Mol 51.65 4.64 CroC3 2005-2006 

PL-wet 52.76 16.31 GraC3 2004-2005 

PT-Esp 38.64 -8.6 TeEBF 2002-2006 

PT-Mi2 38.48 -8.02 GraC3 2004-2006 

RU-Cok 70.62 147.88 BoDBF 2003-2005 

SE-Abi 68.36 18.79 BoDBF 2005 

SE-Deg 64.18 19.55 GraC3 2001-2005 

SE-Fla 64.11 19.46 BoENF 1996-2002 

SE-Nor 60.09 17.48 TeENF 1996-2005 

SE-Sk2 60.13 17.84 TeENF 2004-2005 

UK-AMo 55.79 -3.24 GraC3 2005 

UK-EBu 55.87 -3.21 GraC3 2004-2006 

UK-ESa 55.91 -2.86 CroC3 2003-2005 

UK-Gri 56.61 -3.8 TeENF 1997-2006 

UK-Ham 51.12 -0.86 TeDBF 2004-2005 

UK-PL3 51.45 -1.27 TeDBF 2005-2006 

UK-Tad 51.21 -2.83 GraC3 2001 

US-ARb 35.55 -98.04 GraC4 2005-2006 

US-ARc 35.54 -98.04 GraC4 2005-2006 

US-ARM 36.61 -97.49 CroC3 2003-2006 

US-Atq 70.47 -157.41 GraC3 1999-2006 

US-Bar 44.06 -71.29 TeDBF 2004-2005 

US-Blo 38.9 -120.63 TeENF 1997-2006 

US-Bn1 63.92 -145.38 BoENF 2003 

US-Bn2 63.92 -145.38 BoDBF 2003 

US-Brw 71.32 -156.63 GraC3 1998-2002 

US-CaV 39.06 -79.42 GraC3 2004-2005 

US-Dk1 35.97 -79.09 GraC3 2001-2005 

US-FPe 48.31 -105.1 GraC3 2000-2006 

US-Fuf 35.09 -111.76 TeENF 2005-2006 
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US-Fwf 35.45 -111.77 GraC3 2005-2006 

US-Goo 34.25 -89.97 GraC3 2002-2006 

US-Ho1 45.2 -68.74 TeENF 1996-2004 

US-IB2 41.84 -88.24 GraC3 2004-2007 

US-Ivo 68.49 -155.75 GraC3 2003-2006 

US-Los 46.08 -89.98 TeDBF 2001-2005 

US-Me3 44.32 -121.61 TeENF 2004-2005 

US-Me4 44.5 -121.62 TeENF 1996-2000 

US-MMS 39.32 -86.41 TeDBF 1999-2005 

US-MOz 38.74 -92.2 TeDBF 2004-2006 

US-NC2 35.8 -76.67 TeENF 2005-2006 

US-NR1 40.03 -105.55 BoENF 1999-2003 

US-Oho 41.55 -83.84 TeDBF 2004-2005 

US-PFa 45.95 -90.27 MF 1996-2003 

US-SO2 33.37 -116.62 TeDBF 1997-2006 

US-SO4 33.38 -116.64 TeDBF 2004-2006 

US-SP1 29.74 -82.22 TeENF 2000-2005 

US-SP3 29.75 -82.16 TeENF 1999-2004 

US-Syv 46.24 -89.35 MF 2002-2006 

US-Ton 38.43 -120.97 TeDBF 2001-2006 

US-UMB 45.56 -84.71 TeDBF 1999-2003 

US-Var 38.41 -120.95 GraC3 2001-2006 

US-WBW 35.96 -84.29 TeDBF 1995-1999 

US-WCr 45.81 -90.08 TeDBF 1999-2006 

US-Wi1 46.73 -91.23 TeDBF 2003 

US-Wi2 46.69 -91.15 TeENF 2003 

US-Wi4 46.74 -91.17 TeENF 2002-2005 

US-Wrc 45.82 -121.95 TeENF 1998-2006 

VU-Coc -15.44 167.19 TrEBF 2001-2004 

* Mix forests, treated as 50% TeDBF and 50% TeENF 
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Chapter 4. Aerosol impacts on the land 

carbon cycle through changing diffuse 

radiation 

Summary 

Chapter 3 described a land surface model, ORCHIDEE_DF, which is able to 

simulate the impacts of diffuse radiation on photosynthesis. In this chapter, we set up 

two sets of simulations with empirically tuned ORCHIDEE_DF, respectively using 

observation-based climate dataset CRUJRA, and the climate from IPSL-CM6A-LR 

simulations to systematically investigate the impacts of aerosol-induced changes in 

diffuse radiation and other factors. The two sets of simulations find an enhanced 

cumulative land C sink of 6.8 PgC (CRUJRA climate) and 15.9 PgC (IPSL-CM6A-LR 

climate) in response to the anthropogenic aerosol-caused diffuse radiation fraction 

changes during the historical period and this enhancement mainly occurs after the 1950s. 

Based on a series of factorial simulations driven by IPSL-CM6A-LR climate, we found 

that globally, the anthropogenic aerosol-induced land C sink increase is mainly due to 

the diffuse light fertilization effect but also contributed by the cooling effect of aerosols. 

We also compared different ways reconstructing diffuse radiation under no 

anthropogenic aerosol scenario and found that correctly considering the variability of 

diffuse radiation fraction is essential to obtain unbiased carbon fluxes. 

4.1 Introduction 

Anthropogenic aerosols are receiving more and more attention during the last 

decades in climate change studies as they significantly affect the climate system 

through aerosol-radiation and aerosol-cloud interactions (Boucher et al., 2013). Besides 

these well-known (but not well-understood) physical processes in the atmosphere, 

which alter the land surface radiation budget directly, atmospheric aerosols also have 

an indirect impact on the C cycle, especially its terrestrial component (Chapter 2; 

Mercado et al., 2009), which consequently affects the global climate through the 
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climate-carbon feedback (Friedlingstein et al., 2006). However, the relevant processes 

remain poorly known and it is uncertain how much anthropogenic aerosols perturb the 

land C cycle. 

One of the main mechanisms by which aerosols affect the land C cycle is through 

changing the quantity and quality of radiation received by vegetation, with an impact 

on photosynthesis. On the one hand, the absorption and scattering of solar radiation due 

to atmospheric aerosols decrease the amount of incoming solar radiation at the top of 

the vegetation canopy. In situ observations have shown negative relationships between 

aerosol optical depth (AOD) and incoming solar radiation at the land surface (Kanniah 

et al., 2010). This decrease may cause a decrease in photosynthesis, especially in 

ecosystems which are light-limited, such as tropical forests (Nemani et al., 2003). On 

the other hand, aerosols alter the angular distribution of incoming light. The scattering 

of radiation by aerosols can significantly increase the fraction of diffuse light, which is 

able to penetrate deeper and distribute more evenly in the canopy (Roderick et al., 2001). 

Since sunlit leaves are often light saturated while shaded leaves are not, an increase in 

diffuse radiation may benefit the photosynthesis of the entire canopy. In situ 

observations show that diffuse radiation increases the light use efficiency of plants in 

various ecosystem types such as forests, grasslands and croplands (Choudhury, 2001; 

Gu et al., 2002; Alton et al., 2007a; Alton et al., 2008). 

It has been investigated at different sites whether the increase in light use 

efficiency (LUE) due to diffuse radiation increase can compensate for the gross primary 

production (GPP) loss due to total radiation decline in the presence of aerosols and 

clouds (Hollinger et al. 1994; Kanniah et al., 2010; Alton et al., 2007a). However, there 

is no consensus on which process is more important. One of the reasons is because field 

studies were performed in various ecosystems under different environmental conditions, 

highlighting the importance to understand this question at a larger scale. Another reason 

is because the role of decreased light versus increased diffuse light fraction depends on 

the amount of aerosols in the atmospheric column, their optical properties and the 

relative occurrences of clear sky and cloudy weather. 

At larger scales, the aerosol impacts are generally investigated using atmospheric 

and land surface models (LSM) (Jones et al., 2003; Mahowald et al., 2011; Chapter 2). 

The effect of decreasing radiation can be explicitly considered, as total incoming 
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radiation is an important factor driving photosynthesis in process-based LSMs (e.g., 

Chapter 2). However, the fertilization effect of diffuse radiation is often ignored in 

LSMs as most of them still do not distinguish direct and diffuse radiation in the canopy. 

Using the Joint UK Land Environment Simulator (JULES) model, Alton et al. (2007b) 

and Mercado et al. (2009) modified the light transmission in the canopy to represent 

the absorption of diffuse radiation and estimated its impacts on global C fluxes. The 

work by Alton et al. (2007) was based on the comparison between two different 

versions of a model, which could not address the question of the aerosol impact because 

the difference in C fluxes might be due to the difference in model structure. Mercado 

et al. (2009) set up their simulations simply using different configurations of the 

fraction of diffuse radiation without changing the total radiation and without isolating 

the effect of climate change due to aerosols. Thus their results strictly presented the 

fertilization effect of diffuse radiation. But as shown in Chapter 2, aerosol-caused 

climate change also has a considerable impact on the land C budget. The need to 

investigate the full impacts of anthropogenic aerosols on the land C budget at the global 

scale thus remains. 

In Chapter 3, I presented the development of ORCHIDEE_DF, a modified version 

of the ORCHIDEE LSM which distinguishes direct and diffuse radiation. Using this 

LSM, we are now able to investigate the full impacts of aerosols on the global land C 

cycle and identify the role of each mechanism (e.g., changes in temperature, 

precipitation, as well as in light quantity and quality). Here, we set up two sets of 

simulations driven by the latest climate data from the CRUJRA dataset and the IPSL-

CM6A-LR simulations (hereafter referred to as the CRUJRA and IPSL) to (1) quantify 

the impacts of aerosol-induced changes of diffuse radiation and climate change on the 

land C budget during the historical period; (2) determine whether the fertilization by 

diffuse radiation compensates for the reduction of incoming radiation due to 

anthropogenic aerosols globally; (3) understand how aerosol-induced changes in 

radiation, temperature and precipitation individually affect land C cycle. 

4.2 Data and Methods 

4.2.1 ORCHIDEE_DF model 
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In this study we performed simulations with ORCHIDEE_DF, a new development 

of ORCHIDEE trunk (v5453) (Krinner et al., 2005). Compared with ORCHIDEE trunk, 

which uses a one-stream canopy radiative transfer calculation (i.e. all radiation treated 

as diffuse), ORCHIDEE_DF uses a two-stream canopy radiative transfer module which 

distinguishes direct and diffuse radiation and considers the differential light absorption 

of sunlit and shaded leaves. A detailed description of canopy light transmission in 

ORCHIDEE_DF is found in Chapter 3. 

In this study the empirical equations calculating the fraction of diffuse radiation 

(Fdf) (Eqs. 9 and 10 in Chapter 3) are not used. Instead, along with the CRUJRA dataset, 

a new global Fdf field based on atmospheric radiative transfer calculations is provided 

as an additional input in order to investigate the impact of diffuse radiation (see the data 

section). Since the Fdf calculated from the atmospheric radiative transfer model is 

considered more accurate than the empirical model used in Chapter 3, we adapted 

ORCHIDEE_DF to accept and interpolate the Fdf field along with other input climate 

fields for the CRUJRA simulations. 

Compared with the CRUJRA dataset, the output of IPSL-CM6A-LR simulations 

provide more detailed cloud and aerosol information, which allows a more realistic 

representation of the diffuse light in the model. In large-scale simulations, the forcing 

data are meant to be representative of a large area (a gridbox) rather than a point or 

small area like usually observed at flux sites. Therefore, radiation and Fdf can differ 

dramatically within a gridbox due to the heterogeneous cloud distribution. As the 

response of photosynthesis to Fdf is not linear, it is crucial to calculate photosynthesis 

separately in the clear and cloudy subgrid area. To consider this effect, ORCHIDEE_DF 

used for the simulations using IPSL-CM6A-LR climate field is modified to calculate 

photosynthesis separately in clear and cloudy subgrid area (Figure 4.1). At each time 

step, each gridbox is firstly divided into a clear and a cloudy area according to the total 

cloud fraction (clt) of this gridbox. In the clear sky subgrid area, the incoming direct 

(SWdownclear,dir) and diffuse (SWdownclear,dif) shortwave radiation at the surface are 

obtained considering tropospheric and stratospheric aerosol optical depth at 550 nm, as 

well as solar zenith angle from a look up table. The look up table is built with an 

atmospheric radiative transfer model named Streamer (Mercado et al., 2009; Key et al., 

1998). Using SWdownclear,dir and SWdownclear,dif we are able to calculate the sum of 

their counterparts in the cloudy subgrid area (SWdowncloudy,dir + SWdowncloudy,dif) from 
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the average incoming downward shortwave radiation field (SWdown) provided in the 

IPSL-CM6A-LR output: 

SWdown = (SWdownclear,dir + SWdownclear,dif) × (1 − clt) + (SWdowncloudy,dir + 

SWdowncloudy,dif) × clt          Eq. 4.1 

where SWdowncloudy,dir and SWdowncloudy,dif represent the direct and diffuse radiation of 

the cloudy subgrid area. Here we assume SWdowncloudy,dir to be zero following Mercado 

et al. (2009). This is a good assumption because the optical depth of clouds is generally 

 

Figure 4.1 The GPP calculation in the IPSL simulations. clt: cloud fraction; Fdf: fraction of 

diffuse shortwave radiation; SWdown: downward shortwave radiation at land surface; 

od550aer: tropospheric AOD at 550nm; od550_STRAT: stratospheric AOD at 550nm. 
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larger than a few units except for thin high-level clouds. The SWcloudy,dif can then be 

estimated as:  

SWdowncloudy,dif = (SWdown – (SWdownclear,dir + SWdownclear,dif) × (1 − clt)) / clt 

                  Eq. 4.2 

where SWdown and clt come from the IPSL-CM6A-LR model simulations while 

SWdownclear,dir and SWdownclear,dif come from the look up table. It should be noted that 

as ORCHIDEE_DF has a time step of 30 minutes but the forcing fields have coarser 

temporal resolution, we have to interpolate all forcing data into 30 minutes in 

ORCHIDEE_DF. Furthermore, IPSL-CM6A-LR and the look up table use different 

radiative transfer scheme and the IPSL-CM6A-LR radiation scheme relies on the full 

3D structure of clouds. This causes unavoidable mismatch between the different terms 

of Eq. 4.2, which may occasionally lead to unreasonable negative SWdowncloudy,dif or 

larger SWdowncloudy,dif than SWdownclear,dir + SWdownclear,dif. In the first case, the 

SWdowncloudy,dif is set as zero and SWdownclear,dir and SWdownclear,dif are linearly scaled 

to keep the total SWdown conserved. In the second case, SWdowncloudy,dif is capped to 

SWdownclear,dir + SWdownclear,dif and then SWdownclear,dir and SWdownclear,dif are 

linearly scaled to equilibrate Eq. 4.1. 

After this light partitioning, light transmission and photosynthesis in the 

vegetation canopy can be calculated in each of the clear and cloudy area of the gridbox. 

The photosynthesis in the two fractions of the gridbox can then be combined into a 

gridbox average (Figure 4.1). 

Due to the lack of time as well as the lack of cloud cover information at flux sites, 

we did not perform a systematic calibration of ORCHIDEE_DF using the large amount 

of existing flux site observations collected in Chapter 3. Instead, because the TRENDY 

simulations must match the observation-based global carbon budget for the decade of 

the 1990s, we used the TRENDY v7 S3 simulation using ORCHIDEE trunk in the 

1900s as the reference and empirically tuned photosynthesis-related parameters 

(Vcmax, specific leaf area, leaf age) in our two versions of ORCHIDEE_DF to get 

similar global GPP for each plant functional type (results not shown). 

4.2.2 Forcing data and Experimental design 

4.2.2.1 CRUJRA simulations 
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The first set of simulations performed in this chapter is driven by the CRUJRA 

v1.1 dataset (Harris et al., 2014; Harris, 2019; Kobayashi et al., 2015). CRUJRA v1.1 

dataset was generated by adjusting the Japanese Reanalysis data (JRA) produced by the 

Japanese Meteorological Agency (JMA) with the observation-based monthly Climatic 

Research Unit (CRU) TS 3.26 data. As the replacement of CRUNCEP dataset used in 

Chapter 2, CRUJRA v1.1 provides 6-hourly meteorological variables at 0.5×0.5 degree 

including 2-metre air temperature (Tair), total precipitation (Precip), downward 

shortwave radiation (SWdown), downward longwave radiation (LWdown), 2-meter 

specific humidity (Qair), air pressure (Psurf) and the zonal and meridional components 

of 10-m wind (Wind_E and Wind_N). For the sake of investigating the effect of diffuse 

radiation with a framework consistent with the TRENDY simulations, a new Fdf field 

is provided along with the abovementioned climate variables at the same spatial and 

temporal resolutions. The Fdf field is based on atmospheric radiative transfer 

calculations using global aerosol and cloud cover fields, including tropospheric aerosol 

optical depth from a HadGEM2-ES historical simulation (Bellouin et al. 2011) bias-

corrected by the CAMS reanalysis of atmospheric composition (Inness et al. 2019), the 

updated climatology of stratospheric aerosol optical depth by Sato et al. (1993), and the 

JRA cloud fraction (Kobayashi et al., 2015) itself bias-corrected by the observationally-

based CRU TS v4.03 monthly data. 

The climate fields (except for the diffuse radiation fraction) of CRUJRA dataset 

have been used in TRENDY v7 simulations using the ORCHIDEE trunk (v5375) model 

version. ORCHIDEE_DF has the same parameters as this ORCHIDEE trunk version 

(except abovementioned photosynthesis-related parameters) and the two models just 

differ in their representation of the canopy radiative transfer. Because of the lack of 

time, we did not attempt to run a long spinup as the TRENDY v7 simulations had done. 

Instead, a 50-year fast spin-up recycling climate from 1901 and 1910 was run for 

ORCHIDEE_DF directly after the mandatory 1701-1900 transient simulation on 

ORCHIDEE trunk, in order to re-equilibrate the photosynthesis-related carbon pools 

(e.g., leaf biomass) with the new radiative transfer scheme. Then, experiments for 

historical and historical-no aerosol scenarios were set up. The detailed information for 

these CRUJRA simulations can be found in Table 4.1. The historical simulation (Dfv, 

or varying diffuse light fraction) was driven by climate fields (including Fdf) and land 

use map varying with time. In contrast, for the historical-no aerosol simulations, the 
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Fdf field was kept at its pre-industrial level but the other forcing fields vary normally 

with time (same as Dfv). It should be noted that it is difficult to define the preindustrial 

Fdf level as there is no direct observations. Mercado et al. (2009) averaged the Fdf from 

1901-1910 for each gridbox and month to represent the pre-industrial level. However, 

this method also removed the diurnal cycle of Fdf. Both in situ observations and 

modelling show that Fdf has a strong diurnal variation, with values typically ranging 

between 0.4 and 0.9 at different times of the day in clear-sky conditions (e.g. Iziomon 

and Aro, 1998). Given the strong nonlinearities in the system, it is important to keep 

the diurnal cycle of Fdf. To this effect we first tentatively constructed a pre-industrial 

climatological Fdf by averaging Fdf from volcano-free years during the 1901-1920 

period (1901, 1904-1906, 1909, 1911, 1915-1920) at each gridbox and at each 6-hour 

time steps across years. Although this method retains the diurnal cycle of Fdf, it still 

smooths out the Fdf values by averaging Fdf across multiple years. As shown in Figure 

4.2, such a volcano-free climatological Fdf has much smaller number of gridboxes with 

very sunny (Fdf<0.3) and completely cloudy (Fdf=1) conditions and a larger number 

of gridboxes with intermediate conditions. To circumvent this problem, we selected 

three years (1901, 1905 and 1916) whose global mean Fdf is close to that of the 

climatological reconstruction and we repeated the Fdf during the entire historical period 

for each of the three selected years in order to provide a realistic pre-industrial Fdf field 

Table 4.1 Experimental design for the CRUJRA simulations. 

Name 
Forcing  

Climate and land use map Diffuse SWdown fraction 

Dfv All variables varying Varying during 1901-2014 

Df_clim All variables varying 
Repeat the 6-hour average of 1901, 1904-1906, 1909, 1911, 1915-1920, 

with diurnal and seasonal variations maintained 

Df_1901* All variables varying Repeat the 6-hour 1901 values 

Df_1905 All variables varying Repeat the 6-hour 1905 values  

Df_1916 All variables varying Repeat the 6-hour 1916 values 

Df_cons All variables varying 
Repeat the average of 1901, 1904-1906, 1909, 1911, 1915-1920 over all 

time steps (i.e., no diurnal and seasonal variations considered) 

* the average of the output of Df_1901, Df_1905, Df_1916 is named Df_ens for simplicity 
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for no aerosol simulations. To investigate the impact of smoothing the Fdf diurnal cycle, 

we also set up a simulation with Fdf averaged over all time steps.  

4.2.2.2 IPSL simulations 

IPSL-CM6A-LR is an Earth system model which consists of an atmospheric 

model LMDZ (v3554), an ocean model NEMO (v9455), a land surface model 

ORCHIDEE (trunk v5661) and a coupler (OASIS). As a model participating to the 

Coupled Model Intercomparison Project Phase 6 (CMIP6, Eyring et al., 2016), IPSL-

CM6A-LR ran a preindustrial control simulation (piControl) driven by constant 

external forcing representative of year 1850, after a long spin up. The historical climate 

fields are taken from the IPSL-CM6A-LR r1i1p1f1 (historical) simulation, which is 

one of the simulations performed for the 1850-2014 period driven by all natural and 

anthropogenic forcings and initialized from the 01-01-1910 state of the piControl 

simulation. From the same initial conditions of the piControl simulation, another 

simulation r1i1p1f2 (histNoAA) was performed by prescribing all the forcing terms the 

same as in r1i1p1f1 but keeping the anthropogenic aerosols at their pre-industrial level 

(1850). 

 

Figure 4.2 Comparison between Fdf processed with different methods at a selected time step. 

(a) original Fdf, (b) Fdf climatology Df_clim, from averaging each 6-hour value over 1901-

1920 volcano-free years, (c) Fdf for Df_cons, averaged over all time steps over 1901-1920 

volcano-free years (night time pixels masked on the plot for comparison) 
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The two simulations provide daily climate surface or near-surface variables 

including 2-meter maximum (Tmax) and minimum (Tmin) air temperature, Precip, 

SWdown, LWdown, Qair, Psurf, Wind_E and Wind_N. A similar method as described 

in Chapter 2 was used to correct the model biases in the above climate variables. Instead 

of using the CRUNCEP dataset as in Chapter 2, we used the CRUJRA v1.1 dataset as 

the reference. The aerosol information was obtained from the monthly tropospheric 

aerosol optical depth at 550 nm (od550aer) and monthly stratospheric aerosol optical 

depth at 550 nm (od550_STRAT) as used in the IPSL-CM6A-LR model. Because 

clouds change on short (sub-diurnal) timescales and have a strong impact on diffuse 

radiation, 3-hourly clt data is used. Due to the lack of observations of preindustrial 

aerosol and cloud properties and amounts, we did not perform the same bias-correction 

on aerosol and cloud fraction variables. All these variables which were originally 

provided on a 144×143 global grid were firstly re-gridded into a 2°×2° grid as model 

input, and interpolated to 30-min time steps in ORCHIDEE_DF. 

For the IPSL simulations, to get equilibrated C pools, a spin-up simulation using 

the 1850-1859 bias-corrected climate from the historical climate (hereafter all IPSL 

climate refer to the bias-corrected climate if not specialized) was firstly performed for 

400 years using the spin-up analytic mode of ORCHIDEE (Lardy et al., 2011), which 

accelerates the spin-up procedure for slow soil carbon pools. After the spin-up, a set of 

experiments separating the impacts of anthropogenic aerosols were set up. The detailed 

information about the experimental design can be found in Table 4.2.  

The hist and NoAA simulations were respectively driven by the full set of climate 

variables from the two CMIP6 simulations described above. The difference between 

the two simulations corresponds to the full impact of anthropogenic aerosols due to 

both their effects on climate and diffuse light fraction. As radiation, precipitation and 

temperature are the three most important factors controlling land carbon fluxes (Nemani 

et al., 2003), we performed NoAASW, NoAAprecip and NoAATair simulations, which 

use historical climate but replace SWdown, precipitation and Tair fields, respectively, 

by that from the histNoAA scenario. These factorial simulations aim to investigate the 

relative contributions of the various aerosol effects originating from each one of these 

climate variables. It should be noted here that the difference between hist and NoAASW 

simulations represents the impacts of the aerosol-induced full change in solar radiation, 

including both quality and quantity. Beside these experiments, we also set up the 
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NoAARqlt simulation which used the same forcing as the hist simulation but 

recalculated the diffuse light fraction of the clear area of each grid box using the 

tropospheric AOD from the histNoAA simulation. This simulation is used to investigate 

the impacts of the Fdf change caused by anthropogenic aerosols alone. In the end, a 

simulation without volcanic aerosols (NoVA) was performed to investigate the volcanic 

impacts alone. It should be noted that the difference between hist and NoVA simulations 

includes only the impacts of the Fdf change from volcanoes but not the full climate 

impact caused by volcanic aerosols. All the simulations use the land use map updated 

every year from ESA-LUH2v2 dataset. 

4.3 Results 

4.3.1 CRUJRA simulations 

Table 4.2 Experimental design for the IPSL simulations. 

Name 

Forcing source 

Tair precip SWdown 

Tropospheric 

AOD (partition 

SW between 

clear and cloudy 

subgrid area) 

clt 

Tropospheric 

AOD (used to 

calculate diffuse 

SWdown in 

clear subgrid 

area) 

Stratospheric 

AOD (almost 

same for hist 

and NoAA) 

Other 

variables 

hist hist1 hist hist hist hist Hist hist hist 

NoAA NoAA2 NoAA NoAA NoAA NoAA NoAA hist NoAA 

NoAASW hist hist NoAA NoAA NoAA NoAA hist hist 

NoAAprecip hist NoAA hist hist hist hist hist hist 

NoAATair NoAA hist hist hist hist hist hist hist 

NoAARqlt hist hist hist hist hist NoAA hist hist 

NoVA hist hist hist hist hist hist 0 all the time* hist 

* the stratospheric AOD values under most volcano-free cases are grouped into the same category as 0 in the look up table  

1, 2 hist and NoAA in the forcing field of the table indicate historical (r1i1p1f1) and histNoAA (r1i1p1f2) on IPSL-CM6A-LR 
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4.3.1.1 Diffuse radiation change 

The evolution of historical Fdf derived from CRUJRA dataset (see data and 

method) is displayed in Figure 4.3. Generally, the global mean Fdf has three phases 

during the entire period covered by the dataset (Figure 4.3a). Before 1950, the mean 

Fdf varies around 0.62. During 1950-1980, the mean Fdf increases from 0.62 to 0.64 

mainly in response to increasing anthropogenic aerosol emissions. After 1980s, the 

mean Fdf stays around 0.64. This stop of Fdf increase should be the total effect of 

decreasing aerosol emissions in Europe and the increasing aerosol emissions in East 

and South Asia (Figure 4.7). In addition to the three phases, notable spikes of Fdf of 

0.02-0.04 above the baseline are found in years with strong volcanic eruptions, e.g. 

Santa Maria in 1902-1903, El Chichón in 1982, Mount Pinatubo in 1991. The spatial 

distribution of the Fdf difference between 1960-2010 and pre-industrial level is shown 

in Figure 4.3b. Generally, the higher aerosol emissions after mid-20th century cause a 

global increase in Fdf. The strongest Fdf increase is over 0.05, found in East Asia, South 

Europe, western Central Africa, West Amazon, East and West Australia. It should be 

noted that the strongest change in Fdf is not always found in regions where there are 

intense pollutions (e.g. Africa and Amazon have strong Fdf increase despite low 

anthropogenic aerosol emissions), nor the most polluted regions always have the 

strongest Fdf increase (e.g. East US). This might be due to the different distribution of 

 

Figure 4.3 The diffuse SWdown fraction for CRUJRA simulations. (a) the evolution of 

global mean diffuse SWdown fraction; (b) the spatial distribution of diffuse SWdown 

fraction difference between Dfv and the reconstructed no aerosol (Dfc) scenarios (Df_clim, 

Df_ens and Df_cons share the similar mean Fdf) during 1961-2010. 
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cloud fraction between 1960-2010 and the preindustrial period.  

4.3.1.2 Response of C fluxes 

Figure 4.4 shows the global land GPP changes in response to changes in diffuse 

radiation fraction. Since the Df_1901, Df_1905 and Df_1916 simulations have very 

similar C fluxes, we use the average of the three simulations (Df_ens) for the analyses. 

Using Fdf reconstructed with different methods, we obtained a global mean GPP with 

similar interannual variation but dramatically different baselines (Figure 4.4). 

Compared with the Dfv simulation, the Df_ens generally shows a slightly smaller GPP 

(-0.7-0 PgC yr−1) before 1950s. After 1950s, the Df_ens GPP surpasses the Dfv GPP 

and the difference between the two stays around 1-2 PgC yr−1 during the rest of the 

study period. The GPP difference between Dfv and Df_clim is generally 2 PgC yr−1 

smaller than the difference between Dfv and Df_ens, while the difference between Dfv 

and Df_cons is even larger, with its value being around −14 PgC yr−1. The large 

differences among Df_ens, Df_clim and Df_cons indicate a crucial impact of Fdf 

variations on GPP.  Because of this difference in GPP, the Df_clim and Df_cons 

simulations respectively show 30 and 150 PgC higher cumulative net biome production 

(NBP) compared with Df_ens during the entire study period (not shown). As all the 

three simulations have similar mean Fdf as Dfv during 1901-1920, but only Df_ens has 

GPP not strongly biased from Dfv, we consider the Df_ens as the best simulation to 

 

Figure 4.4 GPP difference between CRUJRA Dfv and different Dfc (no aerosol) simulations. 

The grey area behind the red line indicates the range of Df_1901, Df_1905, Df_1916 

simulations 
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represent the preindustrial Fdf conditions and use the C flux from this simulation for 

further analyses. 

The global NBP response to Fdf changes are shown in Figure 4.5. Similar to GPP, 

Fdf changes cause a small NBP decline (−0.05 PgC yr−1 on average) before the 1950s 

(Figure 4.5a). After the 1950s, the NBP response to Fdf changes becomes positive 

(stronger sink) and increases rapidly to about 0.4 PgC yr−1 in 1970s then declines to 

around 0 after 2000s. Cumulatively, the Fdf changes enhanced the global land C sink 

 

Figure 4.5 NBP difference between CRUJRA Dfv and Df_ens. (a) mean annual land NBP; 

(b) cumulative NBP since 1901  

 

Figure 4.6 (a) the spatial distribution of Fdf change-caused GPP change during 1961-2010; 

(b) same as a but for NBP; (c) mean simulated LAI during 1961-2010 
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by 6.8 PgC during 1901-2012 (Figure 4.5b), accounting for 5% of the cumulative NBP 

during the same period. 

The spatial distribution of the Fdf change-induced GPP and NBP changes are 

shown in Figure 4.6a, b. The signs of GPP changes generally match the pattern of Fdf 

difference between 1961-2010 and the pre-industrial period (Figure 4.3b ,4.6a), with 

most regions showing positive GPP responses to Fdf, except for Southeast US, 

Argentina and East Russia, where 1961-2010 Fdf is lower than the pre-industrial level. 

Despite this consistency in signs, a large Fdf increase does not always lead to strong 

GPP increase. For instance, regions with GPP enhanced by over 10 PgC yr−1 are mostly 

distributed in East and Southeast Asia, Europe, regions around the Great Lakes, Central 

Africa and West Amazon (Figure 4.6a), where Fdf increases by over 0.03 (Figure 4.3b). 

However, in West Asia, and East and West Australia, Fdf shows a comparable increase, 

while GPP shows only very small increase (Figure 4.6a). The NBP response to Fdf 

changes show a similar pattern as GPP (Figure 4.6b).  

As the fertilization of diffuse radiation is considered to be through increasing the 

light received by the shaded leaves, the response of photosynthesis to Fdf changes 

should be also affected by the amount of shaded leaves. Since more shaded leaves are 

expected in deeper canopies (i.e. canopies with larger LAI), we investigated the 

distribution of LAI in Figure 4.6c. The regions with mean LAI larger than 4 are mainly 

found in East and Southeast Asia, Europe, eastern North America, Central Africa and 

Amazon, which happens to be the regions with strong GPP increase (Figure 4.6a). The 

regions with low LAI generally correspond to low GPP responses to Fdf changes. 

Since East Asia, Europe and eastern North America are the most industrialized 

regions with intense aerosol emissions, we additionally investigated the evolution of 

Fdf and the GPP response in these regions (Figure 4.7). In East Asia, Fdf shows an 

increase from 0.62 to 0.64 after 1960s. In response, the Fdf-caused GPP change shows 

an increasing trend during the same period. The Fdf in Europe is on average higher than 

in East Asia due to the larger occurrence of large solar zenith angles at higher latitudes 

(Figure 4.7b). Apart from this difference, the European Fdf shows an increase during 

1950-1980 and then a strong decline after 1980s. At the end of the study period, the 

average Fdf generally drops to the 1900s level. As a result, the Fdf-induced GPP change 

returns to zero after an increase of 0.15 PgC yr−1 during the period 1950-1980. 
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Compared with Europe and East Asia, the Fdf and GPP changes in Eastern North 

America are not very significant, probably due to its lower aerosol concentrations 

(Skeie et al., 2011). Nevertheless, both Fdf and GPP changes are generally positive after 

1970s (Figure 4.7c). 

4.3.2 IPSL simulations 

4.3.2.1 Aerosol-induced climate change 

The variation of bias-corrected global land yearly mean climate from the IPSL-

CM6A-LR historical and histNoAA experiments is shown in Figure 4.8. As the 

emission of anthropogenic greenhouse gases and aerosols did not significantly increase 

before the early part of the 20th century, during this period, the climate remains 

relatively stable and the two scenarios show no substantial difference. For both 

scenarios, the land mean temperature, precipitation and SWdown generally varies 

around 13°C, 800 mm yr−1 and 196 W m−2 respectively. The global tropospheric AOD 

 

Figure 4.7 The evolution of Fdf for CRUJRA simulations and GPP response at main 

industrialized regions. (a) East Asia; (b) Europe; (c) Eastern North America 
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average over land stays around 0.1 before 1940, while cloud cover is around 51-52%. 

After 1950, as a result of the increased aerosol emissions (Figure 4.8d), the climate 

under the two scenarios starts to diverge. For Tair (Figure 4.8a), both historical and 

histNoAA Tair show an increase after 1950s. However, the Tair under NoAA scenario 

increases faster, resulting in 0.6 °C warmer climate during the last 2 decades compared 

with the hist scenario. This aerosol cooling effect is comparable to the one from IPSL-

CM5A-LR simulations in Chapter 2. In terms of SWdown, a dimming effect is found 

along with the cooling from anthropogenic aerosols (Figure 4.8c). The historical 

SWdown decreases by about 3 W m−2 since 1950s, while the histNoAA SWdown shows 

no significant decrease during the same period. Compared with Tair and SWdown, no 

substantial differences are found on precipitation and cloud fraction between historical 

 

Figure 4.8 The bias-corrected climate over terrestrial regions from IPSL-CM6A-LR r1i1p1f1 

(historical, blue lines) and r1i1p1f2 (histNoAA, red lines) simulations. The black lines show 

the reference from CRUJRA dataset. (a) air temperature; (b) precipitation; (c) downward 

shortwave radiation; (d) tropospheric AOD; (e) cloud fraction 
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and histNoAA scenarios. 

The spatial distributions of the aerosol-induced climate changes are shown in 

Figure 4.9. For the consideration that hist and NoAA scenarios differ significantly only 

after 1950s regarding tropospheric AOD (Figure 4.8d), we take the period 1961-2010 

to investigate the aerosol impact. The Tair from IPSL-CM6A-LR indicates a 

widespread cooling effect of anthropogenic aerosols over the land regions (Figure 4.9a) 

except western North America, where the mean Tair are not significantly different 

between the two scenarios. In contrast to the ubiquitously decreasing Tair, changes in 

aridity index (precipitation-potential evapotranspiration, P-PET, used in Chapter 2) is 

more heterogeneous (Figure 4.9a). A slight to medium drying effect of aerosols is found 

in Sahel, India, South China and eastern US. While in Argentina and the regions around 

Mediterranean, anthropogenic aerosols are found to decrease the aridity index. 

Compared with the IPSL-CM5A-LR climate in Chapter 2 (Figure 5b in Chapter 2), the 

IPSL-CM6A-LR climate does not show a strong drying effect due to aerosols in 

Amazonia.  

 

Figure 4.9 The spatial distribution of anthropogenic aerosol-induced climate changes (from 

IPSL-CM6A-LR) during 1961-2010. (a) changes in Tair and precipitation-PET; (b) changes 

in SWdown; (c) changes in tropospheric AOD; (d) changes in cloud fraction. 
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In terms of SWdown changes (Figure 4.9b), a dimming effect of anthropogenic 

aerosols is found in 78% of the global land regions. The magnitude of the dimming is 

generally 0-5 W m−2 except East Asia, Europe and East US, where the dimming is over 

5 W m−2. A 0-3 W m−2 brightening are found in North Canada, East Russian, Central 

Africa, India and Australia, corresponding to the regions where aerosol is causing a 

decrease in cloud fraction (Figure 4.9d). 

As expected, the emission of anthropogenic aerosols causes an increase of 

tropospheric aerosol optical depth, with the largest increase found in the most polluted 

regions (East Asia, India, Europe and eastern US) (Figure 4.9c). It should be noted that 

the emissions of anthropogenic aerosols do not always increase tropospheric AOD. For 

instance, a higher tropospheric AOD is found in Central Africa under the hist scenario 

compared with the NoAA scenario (Figure 4.9c). This might be due to an altered aerosol 

distribution in response to the anthropogenic aerosol-induced atmospheric circulation 

changes. 

4.3.2.2 Response of land C fluxes to aerosols at global scale 

The evolution of GPP and total ecosystem respiration (TER) from different IPSL 

experiments are shown in Figure 4.10. All the experiments show a GPP increase from 

123 PgC yr−1 in 1850 to about 164-168 PgC yr−1 in 2014 (Figure 4.10a). This GPP 

increase is most probably due to the fertilization effect of rising atmospheric CO2 

concentration. Despite this consistent trend, differences among simulations remain 

significant. Compared with the NoAA simulation, the hist simulation has lower GPP in 

most of the years before 1950, but higher GPP afterwards (Figure 4.10c), indicating 

that the response of GPP to changing anthropogenic aerosols has changed by the 1950s, 

when aerosol emissions became important (Figure 4.8). Before 1950, the GPP 

difference between hist and NoAA simulations is very similar to the impacts of only 

Tair (hist-NoAATair) (Figure 4.10c), while only changes in SWdown or precipitation 

from aerosols (NoAASW and NoAAprecip compared with hist) has small impacts on 

global GPP. This result indicates that the aerosol impact is dominated by temperature 

changes before 1950s, which is in line with the findings from Chapter 2. However, after 

the 1960s, the full aerosol impact (hist-NoAA) on GPP starts to deviate from the 

temperature-alone induced changes (hist-NoAATair) and becomes positive. This change 

should be related to the increasing impact of aerosol-induced SWdown changes, as the 
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impact from aerosol-induced precipitation changes remains small but the GPP 

difference between hist and NoAASW simulation increases dramatically from <1 to 3 

PgC yr−1 during this period. In addition, the NoAARqlt simulation shows very similar 

GPP than the NoAASW simulation, implying that the GPP change is more attributable 

to the change in radiation quality (diffuse radiation fraction) rather than quantity 

(dimming). By comparing GPP from NoVA and hist simulations, we are able to better 

understand the impact of the Fdf change caused by volcanic aerosols alone. For the 

years with strong volcanic eruptions, GPP increases of 5-10 PgC yr−1 can be found in 

all simulations except in NoVA (Figure 4.10a). This difference is generally larger than 

the slow varying and weaker impacts of anthropogenic aerosols, however, it lasts for a 

short time. The stratospheric AOD can increase by over 0.15 after large eruptions, 

which is larger than tropospheric AOD increase caused by anthropogenic aerosols. For 

years without volcanic eruptions, the hist and NoVA GPP are generally identical, as 

expected.  

 

Figure 4.10 The evolution of total land GPP and TER from IPSL simulations. (a) GPP; (b) 

TER; (c) GPP difference between hist and different factorial simulations (NoAA*); (d) same 

as (c) but for TER. The differences (c and d) have been smoothed using 5-year windows to 

decrease the noise. 
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In terms of the TER, the global averages show similar increasing trend of TER 

among the factorial simulations (Figure 4.10b). From 1850 to 2014, the global TER 

increases from 120 to 150 PgC yr−1. This increase should be a result of the increase in 

GPP, which provides more organic matter for respiration, and the increase in 

temperature, which accelerates the turnover of C pools. The difference in TER between 

hist and the other experiments shows very similar patterns as the difference in GPP 

(Figure 4.10c, 4.10d). Before the 1950s, anthropogenic aerosols cause a 0-1 PgC yr−1 

decrease in TER mainly through their impact on temperature (cooling, causing a 

reduced GPP). While after the 1960s, a positive impact of aerosol-caused SWdown 

changes on TER is found and the total TER response to aerosols finally becomes 

positive after the 2000s. It should be noted that the impacts of volcanic aerosols on TER 

are smaller but last much longer than GPP. After each eruption, following a sudden 

increase, a gradual decline of TER can be found during the following 3-4 decades or 

until the next volcano eruption (Figure 4.10d). 

The cumulative net biome production (NBP) since 1850 is investigated in Figure 

 

Figure 4.11 The cumulative land NBP from IPSL simulations. (a) cumulative NBP since 

1850; (b) cumulative NBP difference between hist and different factorial simulations; (c) 

cumulative NBP at the end (2014) of each simulation. 
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4.11. All the simulations show a slight decline of cumulative NBP before 1880s. Then 

a slow increase in cumulative NBP is found between the 1880s to the 1950s. After the 

1950s, the global land cumulative NBP increases rapidly from 10 to 70-90 PgC in 2014 

(Figure 4.11a, 4.11c). This value is close to the trendy v7 S3 (historical) simulation 

performed with ORCHIDEE trunk (v5375) (not shown) and the historical simulation 

on JULES (Mercado et al., 2009), but much larger than the simulations performed with 

the older version of ORCHIDEE trunk in Chapter 2 (v4220) (Figure 3 in Chapter 2), 

which generally showed a neutral cumulative NBP at the end of the simulation, more 

consistent with observational constraints of the land carbon budget (Khatiwala et al., 

2009). This large difference could result from the difference in parameters between the 

old (Chapter 2) and new model versions (this chapter) (Peylin et al., in prep). In addition, 

the new versions of ORCHIDEE trunk and ORCHIDEE_DF use 15-PFT instead of 13-

PFT maps as they separate C3 grasslands into tropical, temperate and boreal types. The 

difference in PFT maps may also contribute to the NBP difference.  

Despite the large difference of cumulative NBP between the two versions of 

ORCHIDEE, the anthropogenic aerosol-induced NBP change (hist-NoAA) found in this 

chapter is similar to what we found in Chapter 2. At the end of the study period (2014), 

the hist simulation shows a 20.0 PgC higher cumulative NBP than the NoAA simulation 

(Figure 4.11c), indicating a net positive impact of anthropogenic aerosols on land C 

sink. 

Besides the full impact of anthropogenic aerosols, we also investigated the impact 

of each environmental factor on cumulative NBP in Figure 4.11 by comparing the hist 

simulation and each factorial simulation. Compared with hist, the cumulative NBP from 

NoAATair simulation decreases before 1880s and stays around −6 PgC until 1950s 

(Figure 4.11b), indicating an aerosol-induced inhibition of land C sink during this 

period. After the 1950s, the impact of aerosol-induced Tair changes reversed and the 

difference in cumulative NBP increased to 2.3 PgC at 2014. This reversed unimodal 

curve implies that the impact of aerosol-induced temperature changes can be different 

during different periods, although it has overall enhanced the land C sink during the 

entire period. 

Compared with the impacts of Tair, the impacts of precipitation on cumulative 

NBP (hist-NoAAprecip) show much smaller variations within 0-2 PgC during the entire 

study period (Figure 4.11b), indicating limited impacts of aerosol-induced precipitation 
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changes. In terms of radiation, the cumulative NBP differences between hist and 

NoAASW and between hist and NoAARqlt simulations show similar trends during the 

entire study period (Figure 4.11b). Before the 1950s, both the two factorial simulations 

have the cumulative NBP close to the hist simulation, indicating limited impacts of 

aerosol-induced radiation changes during this period. This small impact of radiation 

changes is not surprising as the anthropogenic aerosol-induced changes in light quantity 

and quality remain small (Figure 4.8c-e). After 1950s, along with the increasing aerosol 

emissions, dramatic increases in cumulative NBP difference between hist and both the 

NoAASW and NoAARqlt simulations are found (Figure 4.11b). Until 2014, aerosol-

induced total radiation changes (hist-NoAASW) and diffuse light fraction changes (hist-

NoAARqlt) enhance global land C sink by 12.9 PgC and 15.9 PgC, respectively. As the 

total radiation changes include changes in light quantity (value of SWdown), cloud 

fraction and diffuse light fraction, the aerosol-induced changes in light quantity and 

cloud fraction should have inhibited the land C sink by 3.0 PgC. Considering the full 

impacts of anthropogenic aerosols of 20.0 PgC, the changes in diffuse light fraction 

alone contribute to about 80% of the increase in land C sink. 

Unlike anthropogenic aerosols, volcanic aerosols are emitted sporadically during 

years with large eruptions. In response, the immediate land C sink can surge by over 6 

PgC depending on the intensity of the eruption (Figure 4.11b). It should be noted that 

these pulses do not disappear right after the periods during which the stratosphere is 

influenced by the volcanic eruptions. Instead, the cumulative NBP difference between 

hist and NoVA simulation retains some memory and relaxes slowly towards its pre-

volcanic state during the following decades, at least until the next eruption takes place. 

In 2014, the diffuse radiation changes caused by volcanic aerosols cumulatively 

increased the land C sink by 2.7 PgC. 

4.3.2.3 Response of land C fluxes to aerosols at different latitudes 

As concluded in Chapter 2, different environmental factors may have different 

impacts on C fluxes in different latitudes. Here we investigate the regional difference 

in cumulative NBP between hist simulation and each factorial simulation in Figure 4.12. 

Similar to Chapter 2, anthropogenic aerosols on average increased the land C sink at 

low to mid latitudes, while decreased the C sink at high latitudes. These impacts are 

mainly contributed by the decades after the 1960s (Figure 4.12a, c, e, g). 
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Figure 4.12 The cumulative land NBP from IPSL simulations in different latitudes. (a) 

differences in cumulative NBP between hist and each factorial simulations in 60oN-90oN; 

(b) cumulative NBP at the end (2014) of each simulation in 60oN-90oN; (c), (e) and (g) same 

as (a) but for 30oN-60oN, 30oS-30oN and 30oS-60oS respectively; (d), (f) and (h) same as (b) 

but for 30oN-60oN, 30oS-30oN and 30oS-60oS respectively 
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At the northern high latitudes, all factorial simulations except NoAATair show 

small cumulative NBP difference (<0.6 PgC) compared with hist simulation (Figure 

4.12a, b), indicating small impacts of aerosol-induced radiation and precipitation 

changes in this region. In contrast, the temperature-alone changes from anthropogenic 

aerosols cause a remarkable decline in cumulative NBP (hist-NoAATair) over those 

temperature-limited ecosystems during the entire study period. This decline is small 

before the 1950s but becomes more pronounced afterwards, resulting in a 2.2 PgC lower 

cumulative C sink in the hist than the NoAATair simulation by 2014. The full impact of 

anthropogenic aerosols (hist-NoAA) shows very similar trend and interannual variation 

compared with the impact of aerosol induced temperature changes (hist-NoAATair), 

implying that anthropogenic aerosols are mainly causing a decline in C sink through 

their cooling effect in this region.  

In contrast to the high latitudes, the northern mid latitudes show a positive impact 

of anthropogenic aerosols (hist-NoAA) on cumulative NBP (Figure 4.12c, d), despite 

the fact that those biomes are also limited by temperature, so that a cooling from 

aerosols alone decreases the NBP (hist-NoAATair). The positive impact of aerosols 

(hist-NoAA) is generally in line with the impacts exerted by SWdown (hist-NoAASW) 

or by only diffuse radiation fraction (hist-NoAARqlt), but slightly offset by the negative 

impact of aerosol-induced Tair changes (hist-NoAATair), indicating that the impact of 

aerosols in this region is mainly through the changes in light quality offsetting the effect 

of cooling. The difference between hist and NoAAprecip simulations remains small in 

this region. Until the end of the study period 2014, anthropogenic aerosols cumulatively 

increased NBP in this regions by 7.1 PgC. SWdown, Fdf and Tair respectively increased 

NBP by 7.7 PgC, 7.8 PgC and decreased NBP by 3.2 PgC.  

Unlike the northern mid and high latitudes, where aerosol induced NBP changes 

are dominated by a single environmental factor, no single factor is found to explain the 

full impacts of anthropogenic aerosols at low latitudes (Figure 4.12e, f). In this region, 

the cumulative NBP differences between hist and each of NoAA, NoAATair, NoAASW 

and NoAARqlt simulations decrease in the first half of the study period and increase 

rapidly after the 1950s. Until 2014, the overall effect of anthropogenic aerosols 

increases the cumulative C sink in this region by 13.7 PgC, with changes in Tair, Fdf 

and SWdown explaining 7.8, 7.4 and 4.4 PgC, respectively. Note that in the tropics, 

cooling induced by aerosols has a positive effect on NBP as it reduced the evaporation 
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demand and allows more photosynthesis, unlike in the mid and high latitudes where 

biomes are mainly temperature limited. Compared with other variables, the impacts of 

aerosol-induced precipitation changes are small. 

The impacts of aerosols in southern mid latitudes is smaller than in other latitudes 

as the land area in this region is relatively small (Figure 4.12g, h). Until the end of the 

study period, the anthropogenic aerosols enhanced the C sink by 0.9 PgC (hist-NoAA), 

which is close to the single impact of aerosol-induced SWdown changes (hist-NoAASW, 

1.0 PgC) and precipitation changes (hist-NoAAprecip, 0.8 PgC). The changes in Tair 

cause a very small decline of cumulative NBP (0.5 PgC) before 1900 and an increase 

of C sink after 1960s. At the end of the period, the hist and NoAATair only has −0.1 

PgC difference in cumulative NBP. It should be noted that unlike the other latitudes 

where the impact of radiation quality changes is larger than the full impacts of radiation 

changes, in this region, the cumulative NBP difference between hist and NoAARqlt is 

much smaller than that between hist and NoAASW. This is reasonable because the 

anthropogenic aerosol emissions are small in this region and have little impact on 

tropospheric AOD and thus diffuse radiation fraction (Figure 4.9c). In addition, the 

SWdown increased in a considerable proportion of the land area in this region in 

response to anthropogenic aerosol-induced cloud fraction changes (Figure 4.9b, d), this 

brightening may be responsible to the large difference in radiation impacts between this 

region and the other latitudes. 

4.2.3.4 Spatial distribution of the aerosol impacts 

Since the aerosol-induced fluxes changes mainly occur after 1950s, to further 

understand how it happens, we examine the detailed regional spatial patterns of GPP 

and NBP differences between hist and each factorial simulation during 1961-2010 in 

Figures 4.13 and 4.14. 

The full impacts of anthropogenic aerosols on GPP generally show a latitudinal 

pattern (Figure 4.13a), with most regions in low latitudes experiencing a positive impact 

of anthropogenic aerosols and most mid to high latitude regions a negative impact, 

except for East Asia, eastern US and Europe, where the most pronounced tropospheric 

AOD increases in response to anthropogenic aerosol emissions are found (Figure 4.9). 

The strongest negative GPP decrease in response to aerosols are found in central and 

western US and northern Russia, with a magnitude < −50 gC m−2 yr−1. 



Chapter 4. Aerosol impacts on the land carbon cycle through changing diffuse radiation 

115 

 

The impacts of aerosol-induced Tair changes show a similar latitudinal pattern as 

the full aerosol impacts (Figure 4.13d), i.e. a decreased GPP at mid to high latitudes 

and an increased GPP at low latitudes. In contrast to the full impacts of anthropogenic 

aerosols, the Tair changes alone from aerosols generally decreased GPP in East Asia, 

eastern US and Europe. In contrast to Tair, aerosol-caused precipitation changes have 

relatively small impacts on GPP in most regions (Figure 4.13c). In over 85% of the land 

area, the precipitation changes cause less than 10 gC m−2 yr−1 changes (generally <1%) 

in GPP. Nevertheless, in dry regions like the Sahel and Central India, GPP decreases 

significantly in response to aerosol-induced precipitation changes (Figure 4.13c), which 

partly explains the total aerosol-induced GPP decline in these regions (Figure 4.13a). 

The impact of radiation (Figure 4.13b, e) changes translates into a spatial pattern 

strongly related to the aerosol emissions (Figure 4.9c). Both NoAASW and NoAARqlt 

 

Figure 4.13 The spatial distribution of GPP difference between IPSL hist and each factorial 

simulations during 1961-2010. 
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have over 50 gC m−2 yr−1 higher GPP than hist in the most polluted regions, i.e. East 

Asia, eastern US and Europe. Despite of this similarity, only light quality changes 

caused by anthropogenic aerosols result in an increase of GPP in India and Southeast 

Asia, and no significant GPP changes in Amazon (Figure 4.13e), while when 

additionally considering the changes in light quantity (mainly dimming) and cloud 

fraction, GPP in these regions shows a decreasing response (Figure 4.13b). This 

difference implies that many low-latitude ecosystems are light-limited as suggested by 

Nemani et al. (2003). In these regions, aerosol induced radiation quantity change may 

play a more important role than the diffuse radiation fraction increase. Compared with 

anthropogenic aerosols, volcanic aerosols have limited impacts on GPP on longer time 

scales (Figure 4.13f).  

The NBP response to anthropogenic aerosols generally shows a similar pattern as 

 

Figure 4.14 Same as Figure 4.13 but for NBP. 
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that of GPP, with a positive response in low latitudes and a negative response in high 

latitudes (Figure 4.14a). Compared to GPP, the area of NBP decrease in mid and high 

latitudes is much smaller. Large regions in North America and in Russia show negative 

impacts of anthropogenic aerosols on GPP but positive impacts on NBP (Figures 4.13a, 

4.14a). These patterns are in line with the Tair change-induced C flux changes (Figures 

4.13d, 4.14d), leading to the same finding as in Chapter 2, i.e. at the mid latitudes, 

aerosol-induced cooling enhances the regional land C sink by decreasing more 

respiration than photosynthesis. In contrast to temperature, that has strong impacts on 

heterotrophic respiration, the aerosol-induced radiation changes do not directly alter 

respiration. Not surprisingly, the spatial pattern of radiation change-induced GPP and 

NBP changes are similar (Figures 4.13b, e, 4.14b, e). NBP is found significantly 

increased in response to the radiation changes in forested regions with high aerosol 

emissions such as East and South Asia, eastern US and Europe. The responses of NBP 

to aerosol-induced precipitation changes and volcanic aerosols are small on the 50-year 

time scale (Figure 4.14c, f). At shorter time scales, the large pulses of sink induced by 

volcanoes are more distributed in tropics (Figure 4.12). 

4.4 Discussion 

4.4.1 Fdf response to anthropogenic aerosols 

It has been widely accepted that increasing anthropogenic aerosol emissions can 

cause an increase in Fdf, as the result of the scattering of aerosols. This effect is 

generally confirmed in this study by the CRUJRA-based Fdf dataset (Figure 4.3). In 

the lookup table used for the Fdf calculation using IPSL-CM6A-LR data, Fdf also 

highly depends on aerosol optical depth. However, it should be noted that Fdf depends 

not only on anthropogenic aerosols but also on natural aerosols and clouds, which might 

be affected by the climate changes attributable to anthropogenic aerosols. For instance, 

although the global average clt is not very different between IPSL-CM6A-LR historical 

and histNoAA scenario, the IPSL-CM6A-LR historical clt is significantly lower than 

the histNoAA clt in tropical Africa, South Asia and Australia, and higher in mid latitudes 

(Figures 4.8e, 4.9d). This difference might be due to a wider historical Hadley 

circulation than histNoAA as the historical climate is warmer (Hu et al., 2018). 

Nevertheless, our understanding of how climate and aerosols influence local and global 
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cloud cover is very poor. And the uncertainty in clouds remains one of the greatest 

uncertainties in current climate model (Stocker et al., 2013). Better understanding of 

cloud physics and greater ensembles of earth system models would help to reduce this 

uncertainty. 

4.4.2 Methods to reconstruct NoAA Fdf 

One of the major difficulties in understanding the global impacts of anthropogenic 

aerosols on C cycle is the absence of observations under NoAA conditions. In the 

CRUJRA simulations, we omitted the evolution of cloud fraction and assumed that the 

NoAA scenario retains the preindustrial Fdf level. We used three methods to reconstruct 

the Fdf field. Although the three methods share similar mean Fdf at each pixel, their 

different variabilities result in totally different C fluxes (Figure 4.4). In natural 

conditions, Fdf is strongly affected by solar zenith angle as different solar positions 

correspond to different atmospheric optical paths. Generally, the Fdf is higher in the 

morning and afternoon, and lower at midday (e.g. Iziomon and Aro, 1998). The average 

over time steps longer than one day dampens this diurnal cycle, causing an 

underestimation of Fdf in the morning and afternoon and an overestimation at midday. 

Since Fdf has different impacts on photosynthesis at different times in the day and at 

different SWdown levels (Chapter 3), the smoothing of Fdf will strongly bias the C 

fluxes (Df_cons in Figure 4.4). 

In contrast to the Df_cons reconstruction, the Df_clim forcing conserves the 

diurnal and seasonal variations of Fdf. However, it still results in a biased GPP. In 

general, due to the concurrence of aerosol/cloud scattering and absorption to solar 

radiation, the Fdf is negatively related to SWdown (Spitters et al., 1986; Weiss and 

Norman, 1986). When we use average Fdf values to calculate the Df_clim, we 

artificially cause a non-physical unrealistic mismatch between Fdf and SWdown, i.e. 

increase the sunny Fdf and decrease the cloudy Fdf. This mismatch further causes 

mismatches between Fdf and other environmental factors such as temperature and water 

vapor pressure deficit.  

For the reason given above, the mismatch between Fdf and SWdown is 

unavoidable if one of them is controlled. Nevertheless, it seems that if no smoothing is 

applied for the Fdf data (Df_ens), the GPP will not be too strongly biased. To address 
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this concern, we recommend to use ensemble simulations with unsmoothed Fdf from 

different years, rather than an averaged climatological Fdf to represent a constant-

emission scenario when Fdf observations are absent. In a previous study, Mercado et 

al. (2009) estimated that the aerosol-induced diffuse light enhanced the global land NBP 

by a quarter between 1960 and 1999. This result should be treated with caution as their 

simulation used monthly smoothed Fdf. 

4.4.3 Global impacts of diffuse radiation on C fluxes 

The impact of anthropogenic aerosol-induced Fdf changes have been explored 

using two sets of simulations in this study. Globally, both the CRUJRA and IPSL 

simulations show enhanced GPP (1-2 PgC yr−1 and 1-3 PgC yr−1, respectively, in late 

20th century) in response to the Fdf changes (Dfv-Df_ens, hist-NoAARqlt). Although 

these increases in GPP are only 1-3% of the global total GPP, they result in enhanced 

land C sink (NBP) of 6.8 PgC since 1901 for CRUJRA and of 15.9 PgC since 1850 for 

IPSL. These NBP increases are significant as they account for about 5% (CRUJRA) 

and 17% (IPSL) the cumulative global land C sink during the same period. The 

enhanced land C sink indicates that the diffuse radiation fertilization effect reported at 

flux sites (Gu et al., 2003; Niyogi et al., 2004; Mission et al., 2005; Alton, 2007a; Knohl 

and Baldocchi, 2008; Oliphant et al., 2011; Kanniah et al., 2013; Williams et al., 2014; 

Cheng et al., 2015) has considerable global impacts under a scenario with intense 

aerosol emissions. Mercado et al. (2009) used JULES to investigate the impacts of Fdf 

changes on land C sink and reported an increase of C sink of 0.44 PgC yr−1 during 1960-

1980 and 0.3 PgC yr−1 during 1980-1999. Compared with their estimation, our 

simulations give near half of their NBP enhancement due to Fdf changes during the 

same period (0.24 and 0.17 PgC yr−1 for CRUJRA, 0.23 and 0.21 PgC yr−1 for IPSL). 

As climate field of both studies are generally observationally-based or bias-corrected 

with observations, this difference of Fdf impacts between JULES and ORCHIDEE_DF 

may be due to different parameterizations of the two land surface models, but also to 

different ways used for constructing NoAA Fdf series as discussed above. 

4.4.4 The impacts of Radiation quality vs Radiation quantity 

One of the key questions on the aerosol impacts is whether the effect of increased 
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diffuse radiation offsets the effect of decreasing total radiation (dimming). By 

investigating the C fluxes at different AOD levels, Niyogi et al. (2004) found that higher 

AOD increases C sink at forest and cropland sites but decreases C sink at grassland 

sites. This might be explained by the different canopy architecture of different 

ecosystems as more leaves are shaded in canopies with larger LAI (e.g. forests, 

croplands). As a result, a higher diffuse radiation can cause a larger increase in 

photosynthesis rate in these ecosystems. In contrast, grasslands often have smaller LAI 

and the fertilization effect from diffuse radiation increase is thus much weaker. In an 

extreme case, imagine a canopy with only one layer of leaves, all leaves should be sunlit 

and increase diffuse radiation will give no benefits to GPP. However, in all these cases 

the dimming effect of aerosols will always inhibit photosynthesis. In this study we also 

found that large C sink increase are only found in regions with large LAI (Figure 4.6).  

Apart from LAI, the total radiation impacts (quality and quantity) is suggested to 

also depend on whether the diffuse radiation is from the scattering of aerosols or clouds, 

as the later media is thought to be less conservative regarding total downward 

shortwave radiation (Alton et al., 2008). This effect is implicitly considered in the IPSL 

simulations where photosynthesis was calculated in subgrid fractions with and without 

clouds. 

Using NoAASW and NoAARqlt we are able to separate the effect of changes in 

light quantity and light quality. Our results show that globally, the fertilization from 

aerosol-induced diffuse radiation increase is stronger than its dimming effect and 

dominates the radiation change-caused C flux changes. Some exceptions are found in 

tropical forests where the amounts of anthropogenic aerosols are relatively small 

(Figure 4.9) and the forests are light limited, therefore the dimming-caused GPP decline 

dominates. 

4.4.5 The main factors causing C flux changes 

In Chapter 2 we found that the increase of the land C sink in response to 

anthropogenic aerosols is mainly due to their cooling effect, which enhances tropical 

GPP and causes a stronger decline in TER than in GPP in mid latitudes. In this study, 

although the increased global land C sink due to aerosol-induced cooling is much 

smaller than in Chapter 2, the latitudinal pattern of cooling-caused C flux changes are 
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similar in the late part of the 20th century (Figures 4.13, 4.14) compared with Chapter 

2. Before the 1950s, the aerosol-induced cooling is small in tropics but much larger at 

mid to high latitudes (Figure 4.15), which explains the decrease in global land C sink 

during that period. The similar impacts of cooling on GPP and NBP further confirmed 

the validity of the statistical method used in Chapter 2 to attribute aerosol impacts to 

different factors. 

Compared with temperature, the impacts from changing precipitation (Figures 

4.13, 4.14) are generally small. However, as shown in Chapter 2, if anthropogenic 

aerosols have strong drying effect in very productive tropical regions, it can strongly 

affect regional C budget. In IPSL-CM6A-LR climate, aerosol-induced drying is mainly 

found in the Sahel region and in South Asia. In response, the GPP in these regions is 

smaller in hist than NoAAprecip simulation. This regional change has limited impact on 

the total C fluxes. Nevertheless, the modeled precipitation impacts should be always 

treated with caution because the response of precipitation to aerosols remains very 

uncertain in current earth system models (see Chapter 2). 

According to Chapter 2, the aerosol-induced dimming has limited direct impacts 

on land C fluxes as most land ecosystems are temperature or precipitation limited rather 

than radiation limited (Nemani et al., 2003; Piao et al., 2009). Our results in this chapter 

indicate a larger contribution of aerosol-induced radiation changes than temperature to 

global NBP changes (Figure 4.11), which seems to contradict the conclusion in Chapter 

2. However, if we further decompose the overall radiation change into quality and 

quantity changes, we found that the large NBP increase from radiation changes of this 

chapter is mainly attributed to aerosol-induced light quality changes (increased diffuse 

 

Figure 4.15 The impacts of aerosol-caused Tair changes during (a) 1850-1899 and (b) 1900-

1949. 
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light) (Figure 4.11). The aerosol-induced light quantity changes (dimming), which is 

generally equivalent to the radiation changes investigated in Chapter 2, are still found 

to slightly decrease the GPP and NBP in intensely polluted regions (Figure 4.16). 

However, this dimming-induced decrease is not comparable in magnitude to neither the 

impacts of light quality changes, nor to those of temperature changes (Figure 4.13, 4.14). 

4.4.6 The impacts of volcanoes 

Volcanoes are a very important source of atmospheric aerosols and they have been 

reported to significantly enhance GPP at the site level due to their impact on Fdf (Gu et 

al., 2003). However, at the global scale, there remain no reliable observations available 

to investigate the impacts of volcanic aerosols. The eruption of Mount Pinatubo is 

covered by several atmospheric inversion C flux datasets (e.g. Rödenbeck et al., 2003), 

but it is difficult to separate the aerosol impacts from the impacts of climate variations, 

especially when an El Nino event occurred right after the eruption. Based on models, 

the eruption of Mount Pinatubo is estimated to have induced an increase in land C sink 

of 1-2.5 PgC yr−1 in the 1-2 years right after the eruption, which is suggested to be 

strongly contributed by the Fdf changes caused by the volcanic aerosols (Roderick et 

al., 2001; Mercado et al., 2009). In this study, our CRUJRA simulations show an 

enhanced NBP of 0.6 PgC yr−1 in response to Mount Pinatubo eruption and about 0.5 

PgC yr−1 in low latitudes in response to other large eruptions (Santa María and El 

Chichón). The IPSL simulations show a sudden increase of global land NBP of 3.2 PgC 

yr−1 in response to the aerosols emitted by Mount Pinatubo and about 1.2 PgC yr−1 in 

response to Santa María and El Chichón. This volcanic aerosol impacts from IPSL 

simulations partly explained the observed drop of atmospheric CO2 growth rate after 

 

Figure 4.16 The impacts of aerosol-caused light quantity changes (dimming) during 1961-

2010 on (a) GPP and (b) NBP. 
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the eruption and are generally in line with the previous estimations (Roderick et al., 

2001; Mercado et al., 2009). The smaller impacts detected in the CRUJRA simulations 

is probably due to a mismatch between climate and the directly-used preindustrial Fdf. 

It should be noted that in both CRUJRA and IPSL simulations we only considered the 

change in diffuse radiation fraction in response to volcanic aerosols, but did not 

included the cooling and dimming caused by volcano eruptions. 

Because volcanic aerosols have a strong cooling effect on global land surface 

temperature through reducing the solar radiation, stratospheric aerosol injection 

technique, which mimics the eruption of volcanoes, has been proposed as a possible 

geoengineering technique to mitigate global warming (Boucher et al., 2013). Proposed 

strategies often keep injecting aerosols to keep the stratospheric aerosols at a high level 

(i.e. Tjinputra et al. 2016), in order to keep a low surface temperature. In this study, we 

found that the impact of such a sudden change in stratospheric aerosols have persistent 

impacts on land C budget after 3-5 decades (Figure 4.11), implying that the 

stratospheric aerosol injection technique may have a long-term atmospheric carbon 

dioxide removal consequence. This effect needs to be considered when evaluating 

current geoengineering strategies. 

4.4.7 Uncertainties 

In this study we obtained consistent results that aerosol-induced diffuse radiation 

changes enhances the land C sinks using two sets of simulations. However, each of the 

simulation set has their own limitations. 

For CRUJRA simulation, we investigated different methods to construct the Fdf 

under NoAA scenarios and found a very large bias if the Fdf is smoothed (Figure 4.4). 

To avoid this error, an ensemble with three members that can represent the preindustrial 

level Fdf was used. Nevertheless, there remains uncertainty because the Fdf for Df_ens 

simulations do not match well the climate, especially SWdown, in years other than 1901, 

1905, 1916. The impact of this mismatch is still difficult to estimate. 

In contrast to CRUJRA simulations, the IPSL simulations used consistent climate 

and Fdf-related variables from the histNoAA coupled simulation. Therefore, there 

should not be large errors from the mismatch between Fdf and radiation. Nevertheless, 

due to the lack of aerosol type information to well match the look-up table, we have to 
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assume a single type of aerosol in each region, which might introduce some uncertainty 

in the Fdf. Apart from this uncertainty, as shown in Chapter 2, the uncertainty in 

aerosol-induced climate changes, especially precipitation changes, can also potentially 

cause large uncertainty in the C fluxes. However, the histNoAA is not a mandatory 

experiment in CMIP6, few models have performed it. Also, not all CMIP6 data have 

been archived currently. It remains difficult to quantify the uncertainty in this effect 

from a multi-model perspective at this moment. 

Besides the forcing field, uncertainties may also come from the land surface model. 

In this study we used ORCHIDEE_DF to investigate the Fdf and climate effects. 

Although the climate impacts detected here have similar spatial pattern as those 

discussed in Chapter 2, the magnitude of C flux response to the aerosol-caused cooling 

is different. This implies that the use of multiple models to assess the impacts of 

aerosols on the carbon cycle is needed. Furthermore, the ORCHIDEE_DF model 

includes no nutrient limitation on vegetation growth, which means that the nutrients 

deposition along with the deposition of aerosols are not possibly considered in our 

simulations. It has been suggested that N deposition can be a main factor causing land 

C sink in some ecosystems (e.g. Magnani et al., 2007). Understanding how this effect 

interacts with aerosol-induced climate and Fdf still require land surface models with 

more complex processes. 

4.5 Conclusion 

In this study we used two sets of simulations with ORCHIDEE_DF using 

CRUJRA and IPSL-CM6A-LR climates to investigate the impact of anthropogenic 

aerosols-induced Fdf and climate changes on terrestrial C fluxes. The two sets of 

simulations find an enhanced cumulative land C sink of 6.8 PgC and 15.9 PgC in 

response to the anthropogenic aerosol-caused Fdf changes during the historical period 

and this enhancement mainly occurs after the 1950s. The spatial distribution of the 

magnitude of Fdf fertilization depends on both the aerosol emissions and the canopy 

structure of the vegetation.  

According to the factorial simulations driven by IPSL climate, we conclude that 

globally, the anthropogenic aerosol-induced Fdf changes cause a stronger enhancement 

of photosynthesis than the reduction due to aerosol-caused dimming, leading to an 
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overall positive impact of aerosol caused radiation changes (quality and quantity). The 

aerosol-caused diffuse radiation changes, along with the temperature changes (cooling), 

explain most of global C sink increase. The cooling impact detected in this study 

generally follows the same spatial pattern detected in Chapter 2. i.e. decreased GPP and 

NBP at high latitudes and increased GPP and NBP at low latitudes. At mid latitudes, 

cooling causes a decline in both GPP and TER, but its impact on NBP depends on region 

and time. 

Apart from these results, we also found that the different methods to reconstruct 

the Fdf series under no aerosol scenario have dramatic impacts on the results. To avoid 

the error, we suggest to use methods that keep the natural variability of Fdf to 

investigate the diffuse light impact at large scale.  
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Chapter 5. Conclusion and perspectives 

In summary, from the starting point that the current understanding of the impacts 

of anthropogenic aerosols on the carbon cycle is poorly understood, which hinders a 

reliable projection of future climate and makes it difficult to evaluate the full climate 

impacts of possible aerosol emission policies, this thesis includes a series of studies 

quantifying and attributing the impacts of anthropogenic aerosols on the terrestrial 

carbon budget during the historical period. Meanwhile, we have also spent a significant 

amount of time to improve and evaluate the ORCHIDEE modeling tools for a better 

understanding of the aerosol impacts on photosynthesis. The main conclusions are 

given as follows. 

Firstly, we used a set of simulations using ORCHIDEE trunk driven by CMIP5 

climate fields to investigate the impacts of anthropogenic aerosols on the land C cycle 

through their impacts on climate. Our results indicate an increased cumulative land C 

sink of 11.6-41.8 PgC during 1850-2005 due to anthropogenic aerosols. The increase 

in net biome production (NBP) mainly occurs in the tropics and northern mid latitudes 

where aerosol-induced cooling has a beneficial effect on carbon storage. In contrast, at 

high latitudes, aerosol-induced cooling caused a stronger decrease in gross primary 

production (GPP) than in total ecosystem respiration (TER), leading to lower NBP, that 

is, aerosols reduce the net land C storage. At mid latitudes, cooling‐induced decrease in 

TER is stronger than for GPP, resulting in a net NBP increase. At low latitudes, NBP 

was also enhanced due to the cooling‐induced GPP increase, but regional precipitation 

decline in response to anthropogenic aerosol emissions may negate the effect of 

temperature. As Earth system models (ESMs) currently disagree on how aerosol 

emissions affect tropical precipitation, the precipitation change in response to aerosols 

becomes the main source of uncertainty in aerosol-caused C flux changes. Our results 

suggest that better understanding and simulation of how anthropogenic aerosols affect 

precipitation in ESMs is required for a more accurate attribution of aerosol effects on 

the terrestrial carbon cycle. 

Secondly, we added to the ORCHIDEE trunk a new 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 
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shaded leaves. The new model, named ORCHIDEE_DF, was evaluated in details using 

GPP observations collected from 159 flux sites over most of the PFTs around the world. 

Our results indicate that compared with ORCHIDEE trunk, ORCHIDEE_DF improved 

the GPP simulation under sunny conditions. This improvement successfully reproduces 

the observed enhancement of GPP under cloudy as compared to sunny conditions at 

most of the flux sites. By comparing the observed and simulated GPP differences 

between sunny and cloudy conditions at different times in the day, a key metrics to 

assess the effect of diffuse light, we found that the mechanisms about how different sky 

conditions affect GPP are different at midday and at other times of day. In the morning 

and afternoon, the enhancement of GPP under cloudy conditions is mainly due to a 

higher diffuse light fraction. Whereas at midday, the simultaneous changes in 

environmental conditions (e.g., lower temperature and lower VPD) are also responsible 

for the higher cloudy GPP, irrespective of a higher diffuse fraction. Flux towers 

observations indicate that under cloudy and sunny conditions for the same light level, 

the maximum light use efficiency (LUE) difference can be over 7×10−8 gC μmol−1 

photon. This maximum LUE difference is found at temperatures between 5 and 20 °C 

with VPD < 1 kPa. With increasing VPD, or under lower or higher temperatures, the 

LUE difference 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 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. Despite this bias inherited from ORCHIDEE trunk, ORCHIDEE_DF is 

proved to be able to capture the diffuse light fertilization effect in various vegetation 

types. For this reason, we have confidence that this new model has the potential to be 

used in investigating the effect of aerosol-induced diffuse light changes. 

Thirdly, two sets of simulations respectively driven by CRUJRA climate and 

IPSL-CM6A-LR climate fields under historical and histNoAA scenarios were 

conducted after empirically tuning ORCHIDEE_DF in order to quantify the impact of 

aerosol-induced diffuse radiation changes on the historical land C budget. The two sets 

of simulations indicate an increase in global cumulative land C sink of 6.8 and 15.9 

PgC, respectively, in response to aerosol-induced diffuse radiation changes during the 

historical period (1901-2012 for CRUJRA; 1850-2014 for IPSL) and mainly occurring 
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after the 1950s. Together with aerosol-induced climate change, the aerosols enchance 

land C sink by 20.0 PgC during 1850-2014 (IPSL). The spatial distribution of the Fdf 

fertilization effect depends on both the aerosol emissions and the canopy structure of 

the vegetation. According to the factorial simulations driven by IPSL climate, we found 

that globally, the anthropogenic aerosol-induced Fdf changes cause an enhancement of 

photosynthesis that offsets the aerosols’ dimming impacts, leading to a net positive 

impact of aerosol-caused overall radiation changes (quality and quantity). The aerosol-

caused diffuse radiation changes, along with the temperature changes (cooling), explain 

most of global C sink increase in response to aerosols. Despite the smaller magnitude 

at the global scale, the cooling impact detected in this study generally follows the same 

spatial patterns that was discussed in Chapter 2. i.e. a decrease GPP and NBP at high 

and mid latitudes and an increase in GPP and NBP in low latitudes. At mid latitudes, 

cooling causes a decline in both GPP and TER, but its impact on NBP depends on region 

and time. By comparing different methods processing Fdf data, we also found that 

different methods to construct the Fdf series under no aerosol scenario have dramatic 

impacts on the results. To avoid biasing the results, we suggest to use methods that 

conserve the natural variability of Fdf to investigate the diffuse light impact at large 

scale. 

Previous studies on anthropogenic aerosol impacts at the global scale either 

ignored the diffuse radiation impacts and considered only the overall aerosol-induced 

climate changes (Jones et al., 2003; Mahowald et al., 2011), or investigated only 

aerosol-caused diffuse radiation changes (Mercado et al., 2009). This thesis for the first 

time systematically investigated the aerosol impacts through different pathways, 

quantified the impacts of anthropogenic aerosols, illustrated the most important factors 

affecting the terrestrial C cycle and pointed out the source of the large uncertainties in 

current estimations of aerosol impacts. The understandings gained from this thesis will 

contribute to more reliable future climate projections and help to make better aerosol 

emission policies and geoengineering strategies. 

Nevertheless, there remain unsolved problems. Firstly, current land surface models 

remain unable to perfectly simulate the aerosol impacts. As mentioned in Chapter 1, 

nutrients can be the key factor limiting GPP and the net C sinks in some ecosystems. 

For instance, Magnani et al. (2007) suggested that the C sinks in European temperate 

and boreal forest are mainly driven by anthropogenic nitrogen deposition. Apart from 
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the impact on climate and diffuse light fraction, anthropogenic aerosols are thought to 

be responsible of most of the N deposition on natural ecosystems over the world. 

Currently, more and more land surface models start to include nutrient limitations in 

terrestrial ecosystems (e.g., Goll et al., 2017). Merging our canopy transmission module 

to such land surface models will provide the opportunity to simulate more complete 

impacts of aerosols. In terms of soil acidification and aerosol-originated toxic chemicals 

(Figure 1.5), due to the limit understandings on these processes, it remains difficult to 

get reliable parameterization of these processes. For this reason, most processes related 

to soil acidification and toxic chemicals are still absent in land surface models (except 

ozone, which is considered in a few models e.g. Sitch et al., 2007; Chen, 2013). To 

understand the complete impact of aerosols, better understandings on such processes 

are needed. 

Apart from the missing processes, current land surface models also get biased by 

their poorly-tuned parameters. As many processes are parameterized using empirically 

relationships in current land surface models, the accuracy of the parameters in these 

relationships is crucial for correctly simulate the C fluxes. To get the parameters well 

calibrated, large amount of observations from various ecosystems at different scales are 

needed. The development of the flux observation network provided a good chance to 

do the calibration (Baldocchi et al., 2001). Unfortunately, there remains ecosystem 

types which are poorly covered by the network or whose data is not shared (e.g. tropical 

forests, deciduous needle-leaf forests). Furthermore, not all the important variables 

needed for evaluation and calibration of land surface models including aerosol-related 

processes are obtained. For instance, a large proportion of the flux sites provides no 

LAI observations, and very few of the sites record LAI time series. Because diffuse 

radiation impacts are strongly affected by LAI, the lack of LAI observations lead to 

difficulties calibrating the canopy light transmission model. The satellite LAI products 

(e.g. Zhu et al., 2013) might be help solving this problem. However, the mismatch 

between the large gridbox of satellite data and small footprint of in situ observations, 

as well as the uncertainties in the algorisms obtaining LAI from the canopy reflectance 

signal can both result in large uncertainties in the calibration. 

Secondly, our current estimations of aerosol impacts are all based on offline 

simulations, which is unable to fully include the feedbacks in the system. The Earth 

system is a highly coupled system. Any changes in land C budget will result in changes 
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in atmospheric CO2 concentration. The climate-carbon feedback was reported to cause 

up to 1.5 oC difference in climate around 2100 (Friedlingstein et al., 2006). In this thesis, 

the climate data are from CMIP5 and CMIP6 coupled simulations. However, the 

CMIP5 and CMIP6 models are not able to simulate the full feedback from the aerosol-

induced C budget changes due to the lack of processes such as diffuse radiation 

fertilization. Therefore, the climate fields to drive our NoAA simulations should be 

different from a real NoAA scenario. To avoid this problem, a fully coupled simulation 

on an Earth system model with aerosol-related processes included is needed. 

In addition to the climate, there exists another feedback regarding aerosols. Apart 

from anthropogenic aerosols, a large fraction of the atmospheric aerosols is of biogenic 

origin. These aerosols may change in response to vegetation changes (Kulmala et al., 

2004). A recent assessment indicates that the feedback from natural aerosols may cause 

a radiative impact comparable to those from other biogeochemical feedbacks (Scott et 

al., 2017), highlighting the importance of natural aerosols. As shown in this thesis, 

anthropogenic aerosols can affect vegetation through various pathways, it can in turn 

cause changes in biogenic aerosol emissions, and consequently affect vegetation and 

climate similarly to anthropogenic aerosols. This effect is potentially important as the 

optical depth of natural aerosols is comparable to anthropogenic aerosols (Boucher et 

al., 2013; Carslaw et al., 2017). Furthermore, the natural aerosols are more distributed 

in productive tropical regions, where ecosystems have much larger contribution to the 

total terrestrial C budget (Chapter 2). This feedback is not considered in current Earth 

system models but is expected to be included in future models. 

Finally, for now, we have investigated the aerosol impacts during the historical 

period in details, but have not yet looked at the aerosol impacts in the future. One of 

the main target of Earth system models is to make reliable projections on future climate. 

To reach this target, besides the well-developed models described above, future aerosol 

emissions information is also needed. Fortunately, the Scenario Model Intercomparison 

Project (ScenarioMIP) have provided a set of Shared Socioeconomic Pathway-

Representative Concentration Pathway (SSP-RCP) scenarios by considering possible 

emissions (including greenhouse gases, aerosols, etc.) under different socioeconomic 

scenarios and their corresponding climate impacts (O’Neill et al., 2016). Using forcing 

from different SSP-RCP scenarios, we are able to evaluate the possible impacts of 

aerosols in the future and make better policies to balance economic development and 
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climate change mitigation. 
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