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The sunlight received by plants is affected by cloudiness and pollution. Future changes in cloud cover will differ
among regions, while aerosol concentrations are expected to continue increasing globally as a result of wildfires,
fossil fuel combustion, and industrial pollution. Clouds and aerosols increase the diffuse fraction and modify the
spectral composition of incident solar radiation, and both will affect photosynthesis and terrestrial ecosystem
productivity. Thus, an assessment of how canopy and leaf-level processes respond to these changes is needed as
part of accurately forecasting future global carbon assimilation. To review these processes and their implications:
first, we discuss the physical basis of the effect of clouds and aerosols on solar radiation as it penetrates the
atmosphere; second, we consider how direct and diffuse radiation are absorbed and transmitted by plant can
opies and their leaves; and finally, we assess the consequences for photosynthesis at the canopy and ecosystem
levels. Photobiology will be affected at the atmospheric level by a shift in spectral composition toward shorter or
longer wavelengths under clouds or aerosols, respectively, due to different scattering. Changes in the microcli
mate and spectral composition of radiation due to an enhanced diffuse fraction also depend on the acclimation of
canopy architectural and physiological traits, such as leaf area index, orientation, and clumping. Together with
an enhancement of light-use efficiency, this makes the effect of diffuse solar radiation on canopy photosynthesis a
multilayered phenomenon, requiring experimental testing to capture those complex interactions that will
determine whether it produces the persistent enhancement in carbon assimilation that land-surface models
currently predict.

1. Introduction

2015). Thus, understanding how global change affects the amount and
composition of solar radiation reaching the Earth’s surface, through
changes in the cloud cover, aerosols and water vapor, is integral to ac
curate modelling of global carbon assimilation (Schneider et al., 2017).
Additionally, loading aerosols in the atmosphere is considered as a
geo-engineering solution to climate change (Wigley, 2006; IPCC, 2014).
If such a method was to be employed, it would be crucial to understand

The solar radiation available to photosynthetic organisms is a key
determinant of their productivity. Future changes in cloudiness and
pollution will affect the radiation plants receive with consequences for
photosynthesis as well as the timing of phenological events, which in
turn can have an impact on ecosystem net productivity (Gonsamo et al.,

Abbreviations: An, CO2 assimilation; B:G, Ratio of blue (420-490nm) to green (500-570nm) irradiance; B:R, Ratio of blue (420-490nm) to red (620-680nm)
irradiance; CMF, Cloud modification factor; GPP, Gross primary productivity; gs, Stomatal conductance to water vapor; LAI, One-sided green leaf area per unit
ground surface area; LUE, Light-use efficiency; NPP, Net primary productivity; NPQ, Non-photochemical quenching; PAR, Photosynthetically-active radiation; PSI
(and PSII), Photosystem I (and Photosystem II); R:FR, Ratio of red (620-680nm) to far-red (700-750nm) irradiance; UV, Ultraviolet radiation (280-400nm); VPD,
Vapour-pressure deficit.
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its implications for plant canopies, and more generally for crop and
forest productivity.
Solar radiation can be divided into two categories, direct and diffuse
radiation. Diffuse radiation is any radiation that has been naturally (e.g.
by atmospheric particles) or artificially (e.g. by a diffusive coating on a
window) scattered, whereas direct radiation reaches a surface without
being scattered. Consequently, direct radiation can be considered
collimated with a single point of origin, while diffuse radiation comes
from every direction. The diffuse and direct components of solar radi
ation also differ in their spectral composition (Liou, 2002). Excluding
variation in solar zenith angle (i.e. the angle between the zenith and the
center of the solar disc), which affects the path length of photons in the
atmosphere, clouds and aerosols are usually the main contributors
driving the proportion of diffuse radiation in the environment.
Global trends in cloud cover have been relatively stable since 1970,
but with strong regional fluctuations during recent decades (Warren
et al., 2007; Warren and Eastman, 2013). Over the same time period,
aerosol concentrations increased globally, albeit with large regional
differences (Wang et al., 2009). For example, there was a net increase in
Sulfur emissions globally since 2000, because their increased emission
from Asia has outweighed reductions from Europe and America (Wild,
2016). Moreover, the intensity and frequency of large forest fires is
expected to rise, releasing highly-absorbing aerosols into the atmo
sphere (Spracklen et al., 2009). This will reduce the amount and pro
portion of UV and visible radiation reaching forests, affecting plant
photosynthesis directly (Yue and Unger, 2018).
Within a canopy, plants and leaves in different positions use the light
they receive as a source of energy for photosynthesis and its spectrum as
a source of information (Demarsy et al., 2018). Since the direction from
which the light comes will affect its path through the canopy, the pro
portion of diffuse and direct radiation at the canopy top affects how the
energy available for photosynthesis is shared among leaves and plants
(Urban et al., 2007). Moreover, a shift in spectral composition of inci
dent radiation could affect plant physiology, photomorphogenesis and
stress responses via photoreceptors such as cryptochromes, phototropins
and UVR8 (D’Amico-Damiao and Carvalho, 2018). Consequently, pre
dicting the effect on photosynthesis of changes in cloudiness and air
pollution accompanying climate change is not straightforward.
Changes in solar radiation reaching the Earth’s surface (called global
“dimming” and “brightening”) and their effects on global climate, linked
with changes in cloud cover and aerosol loading, have been reviewed
before (Wild, 2009, 2012). In contrast, we aim to spotlight their pre
dicted and potential impacts on plant canopies and photosynthesis. To
achieve this, we will first focus on the physical basis of the effect of
clouds and aerosols on solar radiation as it penetrates the atmosphere.
Next, we consider how direct and diffuse radiation pass through can
opies reaching plants and their leaves, and finally the consequences of
changes in received solar radiation for photosynthesis at the canopy and
ecosystem levels.

Fig. 1. Cloud, aerosol, and Rayleigh optical depth as a function of wavelength.
Cloud optical depth is from the NASA visible infrared imaging radiometer suite
satellite measured on the 28th of April 2016 at 10:15 UTC in Helsinki, with
wavelength dependence according to Hu and Stamnes (1993) parameterization
for water clouds (doi: 10.5067/VIIRS/CLDPROP_L2_VIIRS_SNPP.011). Aerosol
optical depth is from Helsinki AERONET Cimel sunphotometer data on the 29th
of April at 500 nm, combined with the Ångström exponent coefficients also
taken from AERONET, representing typical urban aerosols., Rayleigh optical
depth was taken for the libRadtran radiative transfer model (Emde et al., 2016).

2.1. Clouds
A simple way to describe cloud cover is through a clearness index
(sometimes the inverse, a cloudiness index, is used), calculated as the
ground-level irradiance divided by the irradiance incident on a hori
zontal plane at the top of the atmosphere (Muñoz and Ochoa, 2021).
Another way of characterizing the effect of clouds on sunlight is using a
cloud modification factor (CMF); the ground-level irradiance when
clouds are present, relative to the irradiance that would be measured if
the sky was clear (Schwander, 2002). Often, a radiative transfer model is
used to calculate the potential clear sky irradiance, or a comparison is
made of measurements under clear and cloudy conditions at the same
location (e.g. on consecutive days), so that environmental conditions are
as similar as possible in order to mitigate potential confounding factors.
The CMF is equal to one when the irradiance is equal to that received
under a clear sky. CMFs higher and lower than one indicate an
enhancement or attenuation of ground-level irradiance, respectively.
The incident ground-level spectral composition is affected by the
three-dimensional structure and optical properties of clouds as well,
such as cloud thickness, water content and water droplet or ice particle
size (Ahrens and Henson, 2018), and their location in relation to the sun.
The proportion of radiation reflected by the ground and water surfaces
(albedo) is also wavelength dependent. Thus, the spectral composition
of radiation absorbed at the ground will be further modified if we also
consider the multiple reflections of radiation between clouds and the
ground (Fig. 2 and Kylling et al., 1997). Under ongoing climate change,
the ground albedo is expected to decrease as a result of reduced snow
cover (Zhang et al., 2019), and increase with deforestation (Jiao et al.,
2017). In general, a lower albedo will increase the attenuation of irra
diance by clouds (Bernhard et al., 2004).
The CMF is also wavelength-dependent, increasing exponentially in
the UV and visible range with decreasing wavelength from 700 nm until
320 nm (Seckmeyer et al., 1996; Kylling et al., 1997; Lindfors and Arola,
2008). For even shorter wavelengths, a sharp decrease is observed
(Fig. 2), due to their increasingly significant absorption by ozone
(Schwander, 2002; Bernhard et al., 2004). The exponential increase is
steeper when the cloud attenuation effect on sunlight is stronger, for

2. Atmospheric effects on sunlight
In the following subsections, the effects of clouds and aerosols on
sunlight, and related processes like Rayleigh scattering by air molecules
will be discussed. The optical depth (or optical thickness) is thelogar
ithm of the ratio of incident to transmittedradiation through a medium.
It is of key importance when determining the magnitude a particular
factor has on sunlight. In general, clouds have a very high optical depth
with a weak dependence to wavelength (Hu and Stamnes, 1993), still
resulting in a noticeable wavelength-dependence, while Rayleigh and
aerosols optical depth have a much lower optical depth compared to
clouds, but which is much more dependent to wavelength (Fig. 1).
Although, the optical depth of both aerosols and clouds varies widely
depending on prevailing atmospheric conditions, and the
wavelength-dependence varies with aerosol type.
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Fig. 2. Normalized spectral composition of ground-level incident solar radiation at Lammi Biological Station in southern Finland (61.05 N, 25.04 E). Measurements
were taken in an open field at noon (local time, solar zenith angle was 22◦ ), on the 28th April (overcast sky, blue line) and the 29th April (clear sky, red line) 2016, the
median curve of 50 spectra was kept and normalized to 1 at the wavelength that showed the highest irradiance. Instrument description and data processing are
described in Hartikainen et al. (2018). Standard errors are too small to be visible on the figure. The gray line shows the ratio of overcast to clear sky normalized
irradiance, the normalized spectral cloud modification factor (CMF). Solar radiation under overcast conditions is, in relative terms, enriched in wavelengths < 465
nm and depleted in wavelengths > 465 nm compared to clear sky conditions. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.).

example under high cloud optical depth (Bartlett et al., 1998). Using a
1-D radiative transfer calculation, this effect can be separated into
different mechanisms acting in concert, explained in Fig. 3 (Lindfors and
Arola, 2008). In summary, through mechanisms associated with Ray
leigh scattering, clouds enrich the irradiance at ground level in short
wavelengths; blue and UV radiation. Moreover, modifications of clouds
patterns or properties by global change will ripple across multiple
feedback mechanisms, given the inter-connectedness of atmospheric
processes, making cloud-climate feedbacks the biggest cause of differ
ences in global climate model intercomparisons (Williams and Tseliou
dis, 2007; Schneider et al., 2017).

produced by larger particles (e.g. 0.1 or 1 µm), such as aerosols, resulting
in stronger forward scattering (Fig. 4 and Liou, 2002). This means that
those parts of the canopy that face toward the sun, receive incident
diffuse radiation that is enriched in green and red wavelengths, making
the sky brighter and whiter (Fig. 4-1). Conversely, those parts of the
canopy facing away from the sun receive incident spectral irradiance
that is shifted toward shorter wavelengths (Fig. 4-2), which may impact
An and transpiration via increased stomatal opening (Shimazaki et al.,
2007). For amphistomatous leaves, stomatal morphology and opening
could be affected differently depending on the spectral composition
perceived by each leaf side (Richardson et al., 2017). In addition, diurnal
(early morning, late evening), seasonal (spring, autumn) and latitudinal
variation of solar zenith angle increases the proportion of radiation that
aerosols scatter upward out of the atmosphere as the sun gets lower in
the sky. These changes in spectral photon ratios incident on plant can
opies have implications for phytochrome-mediated phenological cues
(Brelsford et al., 2019b).
The interaction between clouds and aerosols is complex, and still not
very well understood (IPCC, 2014). Some aerosols can act as cloud
condensation and ice nuclei (Ramanathan et al., 2001; Lohmann and
Feichter, 2005). In doing so, they cause water to condense from gaseous
to liquid phase, thus promoting both the apparition of clouds and the
conversion of cloud water to precipitation (Rosenfeld et al., 2008),
which can remove aerosols from the atmosphere (Alizadeh-Choobari,
2018). More nucleation of smaller drops may cause an increase in the
concentration of droplets, provided aerosols do not affect the condensed
moisture within a cloud (Ramanathan et al., 2001; Rosenfeld et al.,
2008). As a result, the cloud albedo may increase, therefore increasing
the upward reflection of solar radiation (Twomey, 1977). Besides,
smaller droplets are slower to coalesce into raindrops, so these in
teractions between aerosols and clouds can alter the probability of
precipitation (Albrecht, 1989; Andreae et al., 2004; Rosenfeld et al.,
2008; Stevens and Feingold, 2009), and may prolong a cloud’s lifespan

2.2. Aerosols and their interaction with clouds
A wide variety of atmospheric particles can be described as aerosols;
they include sea salt, sand and soil dust, sulfates, black carbon and
organic matter that are directly emitted as particulate matter (primary)
or resulting from the conversion of gases to particles in the atmosphere
(secondary; Zhong et al., 2021). Aerosols may originate from processes
including industrial pollution, emissions from agriculture or fossil fuel
combustion (Takemura et al., 2002), volcanic eruptions (Guermazi
et al., 2021), biomass burning (Liu et al., 2016) and windblown dust
(Lambert et al., 2020). Aerosols from each of these origins have different
optical properties, for example, tropical forest fires produce aerosols
that tend to have a high ratio of organic matter to black carbon (Take
mura et al., 2002). These are highly absorbing particles, while sea salt
and sulfates absorb little radiation. In addition, both the sum of aerosol
absorption and scattering, and their ratio are wavelength-dependent in a
manner specific to each aerosol type (Takemura et al., 2002; Bain and
Preston, 2020).
Rayleigh scattering refers to the scattering of light by molecules of
the atmosphere (e.g. N2, H2O, O2 and NO2), and is equally likely in the
forward and backward direction. Whereas Mie scattering of light is
3
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can warm the atmosphere, thereby reducing cloud cover (Lohmann and
Feichter, 2005). Aerosols generally attenuate the incident radiation
more strongly in the UV region (Arola et al., 2007; Kalashnikova et al.,
2007). They are released during the combustion of fossil fuels and
biomass burning (for a review of black carbon and clouds interaction,
see: Koch and Del Genio, 2010). Large forest fires, like those that
occurred in North America in 2021 and in Australia in 2019 (among
many others), are expected to increase in intensity, frequency and
spread (Spracklen et al., 2009; Enayati Ahangar et al., 2021). They can
create massive smoke-filled thunderstorms which lead to an injection of
carbonaceous aerosols in the stratosphere at a similar magnitude to
volcanic eruptions (Peterson et al., 2018; Khaykin et al., 2020).
In summary, clouds and aerosols reduce direct radiation but both
enhance the probability of Rayleigh and Mie scattering, increasing
diffuse radiation through a number of different mechanisms. In the
future, the aerosol concentration in the atmosphere will likely continue
to increase (Turnock et al., 2020), as they have globally between 2000
and 2012 (Mortier et al., 2020), as a result of increased temperatures
(Yli-Juuti et al., 2021), wildfires, fossil fuel combustion, and industrial
pollution (Spracklen et al., 2009; Wang et al., 2009), despite regional
decreases in Europe and North America. Trends show reduced cloud
cover at mid-latitudes but increases at high latitude and near the tropics
(Norris et al., 2016). The indirect effects of aerosols on cloud cover are
still difficult to predict because of the large number of interacting pro
cesses at work in the atmosphere: for example, the location of the
aerosols relative to clouds can affect whether cloud cover is enhanced or
reduced (Koch and Del Genio, 2010). Nonetheless, the forest floor will
generally receive lower irradiance under an overcast and/or an
aerosol-laden sky than under a clear sky, reducing the amount of radi
ation available for photosynthesis. They will also experience a shift in
the incident spectral composition, toward shorter wavelengths due to
clouds because of the wavelength dependence of Rayleigh scattering
(Fig. 2), but toward longer wavelengths under a cloudless sky when
aerosols are present (Arola et al., 2007; Kalashnikova et al., 2007).

Fig. 3. Schematic explaining the wavelength-dependent effect of clouds on
sunlight. (1) Part of the direct radiation (solid yellow arrows) is reflected at the
cloud top, and molecules in the atmosphere (blue circles, such as O2, NO2, and
H2O) are more likely to scatter diffuse radiation (dotted blue arrows) of shorter
wavelength (λS), compared to longer wavelengths (λL). (2) As the sun gets lower
in the sky, the proportion of radiation transmitted through the cloud originates
increasingly from diffuse radiation impinging the cloud top (dotted green ar
rows), as opposed to direct radiation (solid green arrow) at the cloud top,
because cloud transmittance decreases for smaller angles of incidence. (3)
Below the cloud, photons of shorter wavelength are also more likely to be
scattered. Compared to a clear sky, clouds also provide a means for photons to
be reflected downward. (4) Reflectance from the ground is also wavelengthdependent, further modulating the probability that photons of different wave
lengths hit molecules in the atmosphere. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article.).

(Lohmann and Feichter, 2005). On the other hand, aerosols have several
secondary, or indirect, effects on clouds by altering their microphysical
properties (IPCC, 2014). Highly absorbing aerosols (e.g. organic matter)

Fig. 4. 2-D representation of Rayleigh (in blue)
and Mie (in orange) scattering, and their
contribution to ground-level incident diffuse
radiation depending on from whence in the sky
diffuse radiation is arriving with reference to
the position of the solar disc. (1) Sunlight
coming from a direction close to the solar disc
can be scattered toward a tree at the Earth’s
surface by both Rayleigh and Mie scattering;
whereas, (2) incident radiation arriving from
parts of the sky further away from the solar disc
is more likely to be the result of Rayleigh scat
tering. The thickness of the four arrows repre
sents the number of photons scattered by each
process that will hit each side of the tree. Grey,
blue and brown areas show space, the atmo
sphere and the ground, respectively. Adapted
from Liou (2002). (For interpretation of the
references to color in this figure legend, the
reader is referred to the web version of this
article.).
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3. Impacts of direct and diffuse radiation on plant function

1993). However, a higher proportion of spongy mesophyll may increase
internal radiation scattering within the leaf (Terashima and Saeki, 1983;
Knapp et al., 1988), increasing the likelihood of its absorption by
chlorophyll and thus potentially leading to higher photosynthesis
(DeLucia et al., 1996). Differences in the penetration and scattering of
radiation in the palisade vs. spongy mesophyll also result in different
absorption profiles depending on whether radiation enters the leaf
through the abaxial or the adaxial epidermis in many species (Brodersen
and Vogelmann, 2010).
The spatial distribution of chlorophyll inside the leaf directly affects
the extinction of radiation with depth in a wavelength-specific manner.
In some species, e.g. H. annuus and A. majus, the distribution of chlo
rophyll shifts toward the abaxial side when grown under high irradi
ance, and toward the midpoint of the leaf when grown under moderate
or low irradiance (Brodersen and Vogelmann, 2010). The latter is
consistent with a better absorption of radiation from all directions,
typical of the more isotropic and diffuse radiation environment found
under canopy shade. Chloroplast-level acclimation processes adjust the
size of the light harvesting complex relative to reaction centers resulting
in enhanced antenna size for light harvesting and reduced chlorophyll
a/b ratios under shade and low irradiance (Sun et al., 1998) and such
responses can be reversible. Chloroplast alignment toward the periclinal
wall (i.e. that side of the cell facing radiation) under low radiation, and
toward the anticlinal wall (i.e. perpendicular to the radiation) under
high solar radiation, can improve the absorption and penetration of
radiation, respectively (Vogelmann and Gorton, 2014; Baránková et al.,
2016). This rapid response is mediated via phototropins by blue and UV
radiation (Sztatelman et al., 2016; Hermanowicz et al., 2019; Majumdar
and Kar, 2020),which are more abundant relative to longer wavelengths
under diffuse conditions (Fig. 2). When chloroplasts are in the anticlinal
position, transmittance is increased and less photoinhibition induced
(Tholen et al., 2008). However, the narrower cross-section of cells
grown under high irradiance may prevent a large change of leaf optical
properties by restricting chloroplast movements when compared with
leaves grown under low irradiance, suggesting that the effectiveness of
this mechanism may depend on cell geometry (Davis et al., 2011). Other
leaf pigments such as epidermal flavonoids also acclimate to sunlight
conditions and, using UV and/or blue radiation as a cue, can present
seasonal and diurnal rhythms likely to affect leaf optical properties
(Barnes et al., 2017; Brelsford et al., 2019a).
Key features of chloroplasts and leaves, such as a small respiratory
load, low photosynthetic capacity, large light harvesting antenna size
and optimal photosystem stoichiometry (Anderson et al., 1995; Walters,
2005), are needed to achieve a lower light compensation point and
higher photosynthetic rate and efficiency under lower irradiance.
Another notable feature of low light photosynthesis is the balance of
excitation between photosystem (PS) I and II, which is sensitive to
spectral quality in particular the balance between FR, red and blue. This
is regulated by the mobility of light harvesting complexes (state tran
sitions) and the flexibility of PSI and PSII stoichiometry (Chow et al.,
1990; Croce, 2020). These features of low light photosynthesis may be
important to our understanding of the role of diffuse light within leaves.
Net CO2 assimilation (An) was found to be higher under direct radiation
than diffuse radiation of the same irradiance in plants grown under high
radiation, but not under low radiation. This could be attributed to a leaf
structure effect whereby the palisade layers in high light grown plants
make better use of the direct light whereas the structure of a low light
acclimated leaf seems indifferent to direct or diffuse light (Brodersen
et al., 2008). Further work suggested that this was linked with a weaker
penetration of diffuse light into mesophyll layers of high radiation
grown plants (which are thicker than low radiation grown) and this was
sufficient to reduce photosynthesis capacity by 11% (Earles et al., 2017).
Hence, the acclimation of leaf structure to high light increases photo
synthesis in direct light. In a range of tropical trees, the direction and
scale of this effect appear to be species-specific, and independent of
successional status or shade tolerance, with photosynthesis doubling in

3.1. How radiation behaves at the leaf level and the consequences for
photosynthesis
When sunlight reaches a leaf, photons are either reflected, trans
mitted or absorbed by the leaf constituents. These optical properties of
leaves vary with the species considered, leaf side, anatomy, pigment
concentrations, leaf surface features, water content and developmental
stage (Gates, 1965; Pfündel et al., 2018). Looking at a set of six species
with different epidermal cell shapes, Brodersen and Vogelmann (2007)
found diffuse radiation to be more reflected, and less absorbed, than
direct radiation incident normally to the leaf surface, with very little or
no change in transmittance across these species. Nevertheless, the leaves
of some species (e.g. Helianthus annuus, L.), do transmit less diffuse than
direct radiation, when their increase in reflectance outweighs any
reduction in absorptance (Gorton et al., 2010). The reason why diffuse
radiation is more efficiently reflected by the surface of leaves than
collimated direct radiation (Vogelmann and Gorton, 2014) is thought to
be because a large proportion of diffuse radiation has high angles of
incidence, meaning it is reflected more and thus penetrates the adaxial
leaf surface less (Cui et al., 1991). This assertion was corroborated using
a modelling approach, which found a large increase in reflectance when
radiation at angles of incidence of 60◦ and above was included (Gorton
et al., 2010), and has implications for leaf orientation in the canopy. In
addition, Wang et al. (2020) showed that leaves of Nicotiana tabacum
had higher photosynthesis on the adaxial side under direct radiation, but
on the abaxial side under diffuse radiation due to increased stomatal
conductance. Once absorbed by the leaf, direct radiation also appears to
penetrate deeper than diffuse radiation. Using chlorophyll fluorescence
on H. annuus and Antirrhinum majus (L.), Brodersen and Vogelmann
(2010) found that the maximum fluorescence at different depths in the
leaf decreased with increasing angle of incidence (0◦ , 30◦ and 60◦ ) for
wavelengths of 488, 532, and 650 nm. Radiation penetration inside of
leaves also varies with wavelength, with the green region of the spec
trum penetrating deeper into the mesophyll than red and blue, which are
more readily absorbed by chlorophyll (Cui et al., 1991; Brodersen and
Vogelmann, 2010). For the same reason, green wavelengths are more
likely than blue or red spectral regions to be transmitted through the leaf
(Gorton et al., 2010; Liu and van Iersel, 2021), although this could be
ameliorated by high concentration of pigments such as anthocyanins or
carotenoids absorbing in this region (Polivka and Frank, 2010). The
greater penetration of radiation in the green means that at the whole leaf
level it drives photosynthesis more efficiently than blue or red radiation,
since the radiation absorption profiles of these spectral regions inside
the leaf usually change more abruptly than the profile of chlorophyll
concentration within the leaf (Sun et al., 1998; Terashima et al., 2009).
Chloroplasts deep within leaves have an enhanced chlorophyll b (rela
tive to chlorophyll a) which has greater absorbance in the green region
of the spectrum (Cinque et al., 2000). Moreover, carotenoids can absorb
green radiation and transfer it to chlorophylls (Polivka and Frank,
2010). Far-red (700-750nm) light can also be similarly transmitted and
drive photosynthesis deep within the leaf (Zhen and Bugbee, 2020), and
together with their deeper penetration this may partially explain the
significant contribution of green wavelengths to plant productivity
(Smith et al., 2017).
Leaf structural and anatomical features can also affect the penetra
tion of radiation through leaves. For example, leaf thickness often in
creases when plants grow under high solar radiation (Brodersen et al.,
2008), enhancing the penetration of radiation and changing the ab
sorption profile (Cui et al., 1991). Specialized tissues, such as the pali
sade parenchyma typical of sun-acclimated leaves, affect the optical
properties of the leaf interior by channeling radiation to the chloro
plasts, enhancing the penetration of direct radiation within the leaf
(Terashima et al., 2016). In contrast, the penetration of diffuse radiation
is not similarly channeled by palisade cells (Vogelmann and Martin,
5
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some species while in others it is reduced by up to 15% under diffuse
radiation (Berry and Goldsmith, 2020).
Further investigation of leaf anatomy, radiation absorption profiles
and photosynthetic efficiency under low light and photosynthetic ca
pacity under high light would be required before we can link these ef
fects together in a common understanding of leaf photosynthetic
processes (Terashima et al., 2016). For example, Earles et al. (2017)
showed using a spatially explicit gas exchange modelling approach, that
leaves grown under high light (sun leaves) can photosynthesize more
efficiently under direct radiation because the pattern of radiation
penetration induces more homogenous saturation of PSII with depth,
whereas leaves grown under low light (shade leaves) become
light-saturated more easily. Shade leaves can contribute up to 50% of
the gross primary production (GPP) depending on the ecosystem
considered (Chen et al., 2012). Rising temperatures increase the likeli
hood of exceeding what is optimal for photosynthesis in the sun, and
may partially explain why photosynthesis in the shade was responsible
for more than a half of the global GPP increase from 1982 to 2016 (7.63
of 14.1 Pg C;He et al., 2018). With increased diffuse radiation, there is
less of a distinction between sunlight and shaded parts of the canopy,
which will affect sun and shade leaves differently: reduced photo
inhibition but lower irradiance and an inherently high respiration rate
may limit photosynthetic efficiency in sun leaves, while shade leaves
may experience higher irradiance with fewer fluctuations (i.e. no sun
flecks or with reduced intensity), which would drive photosynthesis
more efficiently (Morales and Kaiser, 2020). Besides, plants allocate
more nitrogen to leaves that receive more radiation, higher in the can
opy, which can be related to their higher RuBisCo content (Warren and
Adams, 2001). Under more diffuse radiation conditions, simulations
predict a less steep vertical gradient of leaf nitrogen distribution (De
Pury and Farquhar, 1997; Hikosaka, 2014). Given that the vertical dis
tribution of nitrogen in leaves is considered less steep than necessary for
maximal canopy photosynthesis (Buckley et al., 2013; Hikosaka, 2016),
an increased proportion of diffuse radiation may also raise the efficiency
of canopy carbon gain overall, by reducing this discrepancy. However,
under light-limited condition, the respiratory cost associated with any
increase in nitrogen allocation may counterbalance this effect (Reich
et al., 1997, 2008). How radiation is distributed within a canopy will
also influence other environmental conditions (e.g. temperature, hu
midity) and will feedback to affect the canopy architecture, leaf physi
ology and morphology (Fig. 5). More advanced models have moved past
the parsimonious, but simple, “big leaf” approach, taking the separate
physiology of shade and sun leaves into account (Dai et al., 2004). In the
future, integrating the specific response to diffuse radiation, along with
vertical physiological gradients (Bonan et al., 2021), may be necessary
to accurately forecast how photosynthesis will response to global
change.
Moreover, with the proposed geo-engineering solutions to climate
change that would result in an increase in diffuse radiation due to
aerosol-injection (Wigley, 2006), it is clear more work is needed before
we understand the resulting plant acclimation responses to such long
term changes in the diffuse fraction of solar radiation at the top of plant
canopies. Future experiments in controlled conditions will help us
identify whether such patterns in physiological and morphological leaf
traits over vertical gradients are maintained when plants grow under a
permanently increased proportion of diffuse radiation.

Fig. 5. Vertical transects of irradiance and photosynthesis from the ground (Z
= 0 m) to the top of the canopy (Z = 24 m) in a mixed conifer canopy in central
Sweden on a clear and overcast day (25th and 27th of August 1999): [top]
measured above-canopy photosynthetically active radiation (PAR, separated
into the relative contribution of its direct and diffuse components), [middle]
leaf-level absorbed PAR averaged per canopy layer (originating from a detailed
simulation of radiative transfer in the canopy), [bottom] simulated CO2
assimilation per unit leaf area using a combined photosynthesis-stomatal
conductance model. Adapted from Fig. 6 of (Schurgers et al., 2015).

separately for direct and diffuse radiation (Hikosaka et al., 2016). While
useful, the extinction rate is really much more complex, because this
model is based on a crude simplification that assumes the canopy is
composed of infinitesimally small horizontal, randomly distributed,
leaves.
While the effect of direct and diffuse radiation of equal irradiance on
An appears species specific (Berry and Goldsmith, 2020), in general the
lower irradiance received under an overcast sky leads to lower An for sun
leaves (Hughes et al., 2015; Sanchez et al., 2016). However, in principle,
canopy-level carbon uptake can be enhanced under an overcast sky
because of higher canopy transmittance, meaning a higher proportion of
incoming radiation penetrates deeper into the canopy (Emmel et al.,
2020). This would compensate for the leaf-level decrease higher in the
canopy through increased canopy-level light-use efficiency (LUE; Kan
niah et al., 2012). LUE is defined as the ratio of net primary productivity
(NPP, although some authors use GPP instead), to absorbed irradiance
(usually PAR, photosynthetically-active radiation). There is ample evi
dence that LUE is improved under diffuse radiation conditions at the
canopy level (Rochette et al., 1996; Baldocchi, 1997; Goulden et al.,
1997; Law et al., 2002; Greenwald et al., 2006; Alton et al., 2007; Urban
et al., 2007; Dengel and Grace, 2010; Zhang et al., 2011; Kanniah et al.,
2012, 2013; Williams et al., 2014; Liu et al., 2019; Shao et al., 2019;
Hemes et al., 2020), and further increases under thicker clouds or a
higher proportion of diffuse radiation (Zhang et al., 2011; Kanniah et al.,
2013). However, this happens regardless whether canopy-level carbon
uptake is enhanced, meaning the increase in LUE does not necessarily
compensate for the net decrease in incident radiation.
This enhancement of LUE with increasing diffuse fraction is thought
to be due to a change in the proportion of radiation absorbed by sun and
shade leaves. The asymptotic shape of the An-light response curve means
that increases in irradiance produce progressively smaller increases in
photosynthesis. Consequently, if we consider the sharing of an equal

3.2. Enhancement of canopy-level carbon assimilation under diffuse
radiation?
Radiation decreases from the top to the bottom of the forest canopy
in a roughly exponential manner, depending upon such factors as on leaf
area index (LAI), leaf optical properties and orientations (Hikosaka
et al., 2016). This extinction of radiation with canopy depth is often
approximated using the Beer-Lambert exponential law based on the
equations proposed by Monsi and Saeki (1953), and can be calculated
6
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number of photons, the sum of fixed CO2 for two leaves under moderate
irradiance is higher than that of one leaf under high and one leaf under
low irradiance (Farquhar and Roderick, 2003; Knohl and Baldocchi,
2008). In principle, as cloudiness increases the proportion of the canopy
under deep shade decreases, leading to a more vertically homogenous
distribution of irradiance in the canopy (Roderick et al., 2001).
Modelling results indicate that for the same incoming irradiance,
increasing its diffuse fraction shifts the distribution of leaf area inter
cepting radiation from a few leaves intercepting high irradiance toward
many leaves intercepting low-moderate irradiance (Knohl and Baldoc
chi, 2008). Using quantum sensors placed in a vertical profile within a
spruce canopy, Urban et al. (2007) showed that more diffuse radiation
penetrates to lower depths of the canopy than direct radiation, and
contributes to a higher canopy-level carbon balance under cloudy con
ditions than found with a similar irradiance under clear sky conditions
(Urban et al., 2012). It should be noted that depending on cloudiness the
penetration of radiation into forest canopies can be higher on overcast
days when using relative, but not necessarily absolute, values of irra
diance. In the same forest, irradiance at top of the canopy on clear sky
days was three times higher than on overcast days, but similar in the
middle and lower canopy (Navrátil et al., 2007). Other studies from both
beech and spruce forests, report that radiation is lower across the whole
vertical canopy profile during overcast compared with clear sky days
(Hertel et al., 2011)
At the leaf-level, a study on one-tree canopies found that An was
lower in the outer part of the canopy but similar in the inner part of the
canopy on overcast days compared with clear sky days (Hernandez-
Moreno et al., 2017). This is consistent with the hypothesis that
increased radiation “sharing” (i.e. more leaves would receive medium
irradiance instead of either very high irradiance or deep shade without
radiation necessarily penetrating deeper in the canopy) among leaves at
the top of the canopy is responsible for the increase in LUE with a higher
diffuse fraction (Alton, 2008; Knohl and Baldocchi, 2008).
Leaf-level responses to changes in the physical microenvironment,
such as lower temperature and higher air humidity under more diffuse
radiation, could also play a role amplifying the increase in net ecosystem
exchange by reducing ecosystem respiration and increasing carbon up
take (Wohlfahrt et al., 2008). At the top of the canopy, sunlit leaves may
experience high temperatures in summer which can exceed the optimum
for photosynthesis (Steiner and Chameides, 2005). Higher
non-photochemical quenching (NPQ) and photoinhibition have been
found to depress the quantum yield of illuminated leaves at the top of
the canopy on clear sky days (Hernandez-Moreno et al., 2017), which
can reduce An under periods of low irradiance because of the slow rate of
NPQ relaxation (Kromdijk et al., 2016; Murchie and Ruban, 2020).
There is little known about NPQ behavior under diffuse and direct ra
diation but generally, enhanced diffuse radiation should not only reduce
photoinhibitory losses but also losses caused by persistence of both NPQ
and photoinhibition at the canopy level (Burgess et al., 2015). Addi
tionally, on overcast days, lower and more homogenous temperatures
throughout the canopy may also reduce leaf, stem and soil respiration
(Alton et al., 2007; Urban et al., 2007; Knohl and Baldocchi, 2008;
Zhang et al., 2011).
A decline in vapor-pressure deficit (VPD) is often concurrent with an
increase in diffuse radiation (Cirino et al., 2014). If stomatal conduc
tance (gs) is increased because of this, or resulting from an increase of
blue radiation (see Section 3.3; Urban et al., 2007; Lowman and Dil
Godoy, 2020), increased An may be facilitated if photosynthesis is more
limited by CO2 than light (Dengel and Grace, 2010). In a comparison of
ten temperate ecosystems including croplands, deciduous broadleaf
forests, and mixed evergreen forests, the latter showed fluctuations in
VPD and air temperature accounting for more of the fluctuations in GPP
than variation in the diffuse fraction of PAR, implying that gs limits GPP
in these mixed forests (Cheng et al., 2015). Using a large-eddy simula
tion coupled to a land surface model, GPP was higher under thin cloud
than clear skies as a result of stomatal opening (Pedruzo-Bagazgoitia

et al., 2017). In a spruce canopy, both higher An at saturating irradiance
and higher quantum yield were measured on cloudy compared to clear
sky days, in sun shoots at the top of the canopy (Urban et al., 2007). This
was due to the absence of the afternoon depression of photosynthesis
driven by stomatal closure under a high VPD (Urban et al., 2012). Using
structural equation modeling analysis, Wang et al. (2018) showed that
increases in the stem growth rate of isolated Populus euramericana
(Dode) could be in part attributed to a reduced VPD under high aerosol
loading due to their cooling effect. These environmental limitations on
canopy photosynthesis can be substantial, but are generally considered
secondary to the penetration and distribution of radiation under over
cast conditions (Alton et al., 2007; Urban et al., 2007), although without
experimental manipulations it is difficult to disassociate their effects
(Kanniah et al., 2012), especially when most studies are based on models
and lack detailed leaf-level measurements.
Forests with a high LAI may be most able to benefit from an increase
in cloudiness and with it diffuse irradiance, since the ratio of shade to
sun leaves is higher in canopies with a high LAI (Greenwald et al., 2006).
Using the land-surface model JULES, modified to account for sunfleck
penetration and leaf orientation, the increase in canopy-level LUE under
predominantly diffuse (fraction of diffuse radiation > 0.5), compared
with predominantly direct (< 0.5) sunlight, was 33 % for a broadleaf
forest (LAI 5.5 m2 m− 2) but just 6 % for a needleleaf forest (LAI 2.0 m2
m− 2; Alton et al., 2007). Furthermore, Knohl and Baldocchi (2008) also
found that diffuse radiation had more effect, enhancing GPP in higher
LAI canopies. Notably, these enhancements of carbon uptake under an
elevated diffuse fraction are less apparent in open habitats, such as scrub
and grasslands, than forests and crop canopies (Niyogi et al., 2004; Letts
et al., 2016). Grasslands may increase carbon uptake under a high
diffuse fraction only when their LAI is greater than 4 m2 m− 2 (Wohlfahrt
et al., 2008). Canopy LAI itself responds to radiation availability, and
Urban et al. (2012) hypothesized that increased forest LAI is mediated
by cloudiness because of the better penetration of diffuse radiation deep
in the canopy. This hypothesis is corroborated by the finding that plants
grown in a glasshouse under more diffuse radiation had a higher LAI, as
well as increased canopy-level leaf mass per area, leaf thickness, nitro
gen and chlorophyll content; a suite of traits consistent with acclimation
to high irradiance (Li et al., 2014b). However, it should be noted that
seasonal trends in LAI and photosynthetic capacity (Gu et al., 2003;
Richardson et al., 2012), may covary with the diffuse fraction, conse
quently leading to an overestimation of the enhancement of carbon
uptake if phenology is not taken into account (Williams et al., 2016).
There is no general consensus on the effect of an increased propor
tion of diffuse irradiance on the canopy productivity. Kanniah et al.
(2012) compiled an extensive summary of studies of how atmospheric
particles (which increase the diffuse fraction of incident radiation) affect
ecosystem productivity. These studies report a mixture of increases and
decreases in carbon uptake under clouds and/or aerosols. More recently,
GPP was found to be enhanced by higher diffuse PAR in ten American
temperate ecosystems that included mixed conifer forests, deciduous
broadleaf forests, and croplands (Cheng et al., 2015). On the other hand,
increased cloudiness led to a reduction in GPP in an Australian tropical
savanna because the dramatic decrease in total radiation outweighed
the increase in LUE (Kanniah et al., 2013). Simulation of net primary
productivity (NPP, sum of GPP and plant respiration) in a Sitka spruce
(Picea sitchensis, Carr.) stand was enhanced by moderate aerosol loading
under a clear sky but reduced on overcast days, even with low aerosol
loading, suggesting an additive effect of cloud and aerosol loading on the
diffuse fraction and on the attenuation of incident radiation (Cohan
et al., 2002). Similarly, crop yield may increase depending on LUE under
a clear sky, with low to moderate aerosol loading, but always tends to
decrease when both aerosols and clouds are present, largely because of
the reduced PAR (Greenwald et al., 2006; Oliveira et al., 2007). Alto
gether, an increase in the diffuse fraction often leads to an increase in
carbon uptake, up to a point where the total radiation is reduced enough
to negate the benefit of increased LUE (Fig. 6). Zhang et al. (2011)
7
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Table 1
Schematic representation of the blue (420-490 nm) to red (620-680 nm) ratio
(top), and red to far-red (700-750 nm) ratio (bottom), both above and inside the
forest canopy under an overcast or clear sky. Plus signs indicate the general
direction and strength of values to schematically represent relative differences
between conditions. Example values are given for a Betula pendula stand
measured near solar noon on the 9th (overcast) and 10th (clear sky) of June 2020
at Lammi Biological Station in southern Finland (LAI = 4.56 m2 m− 2, see Fig. 2).
Measurements are means ± 1 standard deviation of 3-4 replicates at different
locations in the stand.
Above the canopy
Clear sky
Overcast sky

+
++

0.89 ± 0.01
0.99 ± 0.02

Above the canopy
Clear sky
Overcast sky

Fig. 6. Theoretical representation of the effect of an increased proportion of
diffuse irradiance on the canopy productivity. The carbon uptake (black line) is
at a maximum for a diffuse fraction that maximizes the increase in light-use
efficiency (dotted dark grey line) with regards to the decrease of total inci
dent radiation (dashed grey line).

+++
++++

1.25 ± 0.00
1.28 ± 0.01

Inside the canopy
+++
++

1.13 ± 0.06
0.95 ± 0.01

Blue to red ratio

Inside the canopy
+
++

0.28 ± 0.02
0.85 ± 0.03

Red to far-red ratio

shade to be enhanced in blue wavebands under clear sky conditions.
The ratio of red to far-red radiation (often defined by the photon
ratio in 10 nm bandwidths centered on 660 and 730 nm, R:FR) regulates
those physiological processes mediated by phytochrome such as stem
elongation and internode expansion in response to increased competi
tion (Ballaré and Pierik, 2017), seedling development, and seed germi
nation (Casal, 2013). In shade, the R:FR is lower than in direct sunlight
because chlorophyll preferentially absorbs in the red waveband more
than the far-red (Navrátil et al., 2007; Reinhardt et al., 2010). As a
result, R:FR can be correlated negatively with cumulated LAI (Hertel
et al., 2012) and positively with the vertical gradient in irradiance inside
a forest canopy (Capers and Chazdon, 2004; Pecot et al., 2005),
depending on species (Hertel et al., 2011). On the other hand, radiation
at the bottom of the canopy is enriched in far-red (De Castro, 2000),
which is sensed by photoreceptors as part of the shade avoidance syn
drome to optimize foraging for radiation (Ballaré and Pierik, 2017).
Under an overcast sky, while both red and far-red radiation will
decrease, the larger decrease of far-red, due to the H2O absorption band
at 728 nm, will induce a higher R:FR above the top of the canopy than
under a clear sky (Holmes and Smith, 1977; Lee and Downum, 1991).
Inside the canopy, this increased R:FR found in overcast conditions is
maintained (Messier et al., 1989; Endler, 1993; Capers and Chazdon,
2004; Reinhardt et al., 2010; Dengel et al., 2015), and can be similar to
the R:FR of a sunfleck under clear sky conditions (Pecot et al., 2005).
Few studies have investigated the impact of solar zenith angle in
association with diffuse fraction on the spectral composition of radiation
(Kotilainen et al., 2020). Because scattering affects radiation in the blue
region preferentially, a higher proportion of blue is scattered to space,
thus making the radiation above the canopy at higher solar zenith angles
depleted in blue and enriched in red (Endler, 1993). After the sun has
set, B:R rises considerably because the radiation reaching the canopy is
mainly the preferentially scattered blue light (Lee and Downum, 1991;
Kotilainen et al., 2020). With regards to R:FR, there are reports finding
both no impact of solar zenith angle (Reinhardt et al., 2010), and an
increased R:FR in the canopy with solar zenith angle under a clear, but
not under an overcast sky (Pecot et al., 2005), or depending on species
(Hertel et al., 2011). Both blue and R:FR during twilight hours have been
suggested to be cues affecting bud burst phenology (Brelsford et al.,
2019b). In a controlled experiment testing the effect of attenuating
different spectral regions on spring phenology, those dormant branches
exposed to a 12 h photoperiod that included the blue portion of the
spectrum flushed 4 to 6 days earlier in three tree species (Brelsford and
Robson, 2018). When natural twilight was simulated in a growth
chamber and compared with a treatment enriched in far-red, bud burst
of Betula pendula (Roth) was advanced by four days (Linkosalo and
Lechowicz, 2006). Overall, we lack substantial information regarding
the effect on canopy photosynthesis of a change in the spectral
composition and photon ratios of incident radiation in forest canopies.

found, based on non-linear regression between carbon uptake and
clearness index, that when the latter is between 0.4 and 0.6, carbon
uptake can be increased in different ecosystems in China (temperate,
subtropical and tropical rainforests, a semi-arid steppe and alpine
shrubs), which is consistent with later results, using a similar method,
from a poplar plantation in northern China (Xu et al., 2017). Elsewhere,
different optimum values for the diffuse fraction for carbon uptake have
been suggested: 0.31 (Roderick et al., 2001), 0.45 (Knohl and Baldocchi,
2008) and 0.7 (Alton et al., 2007). This implies that the optimum diffuse
fraction may differ depending on how canopy properties influence light
distribution in the canopy (e.g. stand density, LAI, leaf orientation and
optical properties). However, the scarcity of available data and the di
versity of measurement techniques and time scales makes comparisons
difficult at this point (but see Emmel et al., 2020).
3.3. Spectral composition and diffuse radiation in canopies
Spectral composition is known to impact spring and autumn
phenology (Brelsford et al., 2019b) and photomorphogenesis, among a
number of other physiological and molecular processes (Endler, 1993;
Grant, 1997). We saw previously that under an overcast sky the
ground-level incident radiation is enriched in the blue region because of
the increased diffuse fraction (Hertel et al., 2011). Above canopies, the
blue to green (B:G, ratio of blue, 420-490 nm to green 500-570 nm
irradiance) and blue to red (B:R, ratio of blue to green 500-570 nm
irradiance) ratios are typically higher under an overcast than under a
clear sky (Navrátil et al., 2007; Reinhardt et al., 2010; Hertel et al.,
2011). It was proposed that an increase in the diffuse fraction may
stimulate photosynthesis by favoring stomatal opening (Zeiger et al.,
1985; Urban et al., 2007), as even slight differences in the proportion of
blue radiation can have a large influence on gs (Shimazaki et al., 2007;
Košvancová-Zitová et al., 2009; Matthews et al., 2020). The enhance
ment in the blue region under diffuse radiation may partially counter-act
enrichment in green wavelengths within the canopy, resulting from its
higher reflectance and transmittance by leaves (Endler, 1993; Navrátil
et al., 2007; Brodersen and Vogelmann, 2010). Several authors report a
decline in the B:R inside the canopy under an overcast sky compared to
clear sky conditions, which is contrary to the enriched B:R found above
the canopy in overcast conditions (Navrátil et al., 2007; Urban et al.,
2007; Reinhardt et al., 2010; Hertel et al., 2011). This suggests
canopy-specific mechanisms affect the spectral composition inside the
canopy. Under clear sky conditions, B:R within the canopy is higher than
B:R above the canopy, whereas under cloudy conditions B:R is usually
unchanged or decreases slightly across the canopy transect (Table 1).
This pattern is in agreement with Endler (1993), who found woodland
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4. Consequences for photosynthesis under a changing
environment

gain under the combined conditions of elevated CO2 and low VPD
during cloudy days is usually attributed to relatively closed stomatal
aperture (Lu et al., 1997; Heath, 1998) and/or enhanced
non-photochemical quenching of absorbed solar radiation energy
(Špunda et al., 2005; Erice et al., 2007).
At the leaf-level, more research is needed if we are to understand
why the efficacy of diffuse compared to direct radiation in enhancing
photosynthesis produces strong species-specific differences (Berry and
Goldsmith, 2020). In our opinion, further measurements of divergent
leaf physiological and morphological traits under direct and diffuse ra
diation, and their implications for leaf-level photosynthesis, would
provide the fundamental knowledge required to model these processes
at the canopy scale. Lastly, although the immediate consequences for
photosynthesis have been modelled, changes in plant morphology and
canopy architecture, as well as feedback effects of potentially increased
NPP under an enhanced diffuse fraction, are still to be incorporated in
land-surface models. Furthermore, how plant canopies will react to a
long-term change in diffuse radiation is as yet largely unexplored.

The degree to which increasingly diffuse solar radiation would in
crease canopy photosynthesis is contingent on the balance of increase in
LUE against the decrease in total radiation caused by increasing cloud/
aerosol cover. For example, moderate aerosol loading in the atmosphere
under a cloudless sky will generally allow canopy carbon uptake to in
crease, while on overcast days it typically decreases (Cohan et al., 2002;
Greenwald et al., 2006; Oliveira et al., 2007). The higher LUE achieved
through better canopy penetration of radiation and/or “sharing” may
also be modulated by a changing microclimate. While light-limited
leaves may not benefit from better CO2 diffusion, a relative increase in
blue radiation may favour stomatal opening and An via a more efficient
use of sunflecks. Canopies with higher LAI may benefit the most from
receiving more diffuse radiation because of their high degree of
self-shading. At the same time, a long-term increase in the diffuse frac
tion of incident radiation could self-reinforce and prompt an increase of
LAI in the canopy (Urban et al., 2012), as well as reducing variation in
leaf morphology along the vertical gradient from sun to shade leaves
(Hikosaka, 2014).
Net cloud cover in recent decades has tended to decline over land,
albeit with strong regional variations. Increasing trends were found over
the Arctic, Sahel, Northwest Eurasia, Indonesia and Pacific Islands,
whereas over South America, China, New Zealand and the Mediterra
nean region cloud cover has tended to decrease (Warren et al., 2007;
Warren and Eastman, 2013). On the other hand, aerosol loading
increased globally from 1960 to 2009, due to increased emissions in
China, India and the Arabian peninsula offsetting the reduction over
Central Europe and North America (Li et al., 2014a; Butt et al., 2017).
However in recent years, aerosol emissions in China have decreased (Li
et al., 2018), and in the future air pollution over China is expected to
continue to decline (Zhao et al., 2014). These trends lead to positive
radiative forcing from aerosols on a global scale because of reductions of
SO2 but also increases in carbonaceous aerosols emissions (Myhre et al.,
2017). In a warmer and drier future climate, the extent and frequency of
wildfires are expected to increase (Abatzoglou and Williams, 2016;
Hantson et al., 2016), releasing higher concentrations of carbonaceous
aerosols in the atmosphere (Spracklen et al., 2009; Yue et al., 2013).
These highly absorbing elements will increase the attenuation of UV and
PAR reaching plant canopies and modify the spectral composition of
incident radiation. Shortwave spectral changes may impact plant
photobiology, for example via UVR8, known to initiate photomorpho
genesis and physiological processes such as de-etiolation, phototropism,
circadian clock regulation, defense against pathogens and stomatal
function (Yin and Ulm, 2017). Moreover, increased gs due to lower VPD
under more aerosol loading (Urban et al., 2007; Wang et al., 2018) may
negatively impact photosynthesis due to higher deposition of ozone and
air pollutants (Juráň et al., 2019; Večeřová et al., 2019).
Thus, proposed geo-engineering solutions to climate change, such as
strategically loading the stratosphere with sulfate aerosols (Wigley,
2006) may have a number of unexpected consequences for plant can
opies, as well as posing ethical challenges (Pamplany et al., 2020).
Experimentally testing the effects of long-term enhancements of diffuse
radiation in plant canopies may prove beneficial in providing the
knowledge to better predict the consequences for their productivity and
growth, and in understanding the potential hazards of employing such a
radical intervention in the Earth’s climate system. Even though the at
mospheric CO2 concentration is expected to reach up to 950 ppm by the
end of the century according to some emission scenarios (IPCC, 2014),
very little attention has been paid to interactions between elevated CO2
and diffuse radiation. Urban et al. (2014) report lower daily carbon gain
on cloudy days in beech saplings grown under elevated CO2 treatment
than in their counterparts that received ambient CO2, whereas on
clear-sky days carbon gain is typically enhanced by elevated CO2
(Ainsworth and Long, 2005; Norby et al., 2005). The reduced carbon
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