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Observations and models indicate that human activity is altering cloud patterns 
on a global scale. Clouds impact incident visible and infrared radiation during 
both day and night, driving daily and seasonal variability in plant temperatures—a 
fundamental driver of all physiological processes. To understand the impacts 
of changing cloud patterns on essential plant-based processes such as carbon 
sequestration and food production, changes in  local cloud regimes must 
be linked, via ecophysiology, with affected plant systems. This review provides 
a comprehensive treatment of cloud effects (apart from precipitation) on 
fundamental ecophysiological processes that serve as the basis of plant growth 
and reproduction. The radiative effects of major cloud types (cumulus, stratus, 
cirrus) are differentiated, as well as their relative impacts on plant microclimate 
and physiology. Cloud regimes of major climate zones (tropical, subtropical, 
temperate, polar) are superimposed over recent changes in cloud cover and 
primary productivity. The most robust trends in changing global cloud patterns 
include: (i) the tropical rain belt (comprised mostly of deep convective clouds) is 
narrowing, shifting latitudinally, and strengthening, corresponding with shorter 
but more intense rainy seasons, increased clouds and precipitation in some 
parts of the tropics, and decreases in others; (ii) tropical cyclones are increasing 
in intensity and migrating poleward; (iii) subtropical dry zones are expanding, 
resulting in fewer clouds and drier conditions at these latitudes; (iv) summer 
mid-latitude storm tracks are weakening and migrating poleward, and clouds in 
temperate regions are decreasing; and (v) clouds over the Arctic are increasing. 
A reduction in coastal fog and low clouds (including those associated with 
montane cloud forests) have also been observed, although these trends can 
be  partially attributed to local patterns of deforestation, urbanization, and/or 
reductions in aerosols associated with clean air initiatives. We  conclude by 
highlighting gaps in the cloud-ecophysiology literature in order to encourage 
future research in this under-studied area.
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1 Introduction

Clouds cover approximately 71% of the Earth’s surface and play an important role in the 
energy balance of the planet (L’Ecuyer et al., 2019). By reflecting incoming shortwave radiation 
back into space, clouds cool the planet during the day, and through absorption and re-emission 
of longwave, infrared radiation emitted by the Earth’s surface and atmosphere, also contribute 
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to its warming. Tropospheric warming can further impact cloud phase 
(liquid/ice) and height, either dampening or amplifying warming (i.e., 
cloud feedback effects) (Ceppi et al., 2017; Ceppi and Nowack, 2021). 
Through these radiative effects, clouds contribute to daily and seasonal 
variability in plant temperatures, a fundamental driver of all 
physiological processes (Figure 1). Clouds also impact plant water 
status directly, through foliar uptake of fog/cloud water, and indirectly, 
as irradiance impacts evaporation and soil moisture (Figure 1).

Changes in clouds under CO2-forced warming have been 
considered one the most critically important, but also most 
challenging, aspects of climate modeling (Warren et al., 2007). Cloud 
feedback effects, specifically, represent the single largest source of 
uncertainty in climate models (Ceppi et al., 2017). For these reasons, 
clouds are considered a “wild card” of successful global climate change 
models (Scholes et al., 2015). Yet, while uncertainty remains regarding 
the sensitivity of cloud feedback effects, robust predictions regarding 
changes in global cloud patterns have emerged over the past decade. 
Some of these track changes in large-scale air circulation patterns 
associated with warmer temperatures (Norris et al., 2016; Grise and 
Davis, 2020), while others are associated with local factors (e.g., 
deforestation, aerosols associated with pollution, urban heat island 

effects) (Yan et al., 2020; Watson-Parris et al., 2022; Xu et al., 2022). 
Linking changes in global and regional cloud patterns with the 
predicted responses of affected plant systems is critical for developing 
accurate carbon assimilation models (Schneider et al., 2017), as well 
as informing local and global policy makers, conservation efforts, and 
agricultural communities.

The effects of clouds and aerosols on plant microclimate and 
productivity were reviewed by Kanniah et  al. (2012) and more 
recently, Durand et al. (2021). These reviews focused primarily on 
shortwave radiative impacts that affect photosynthesis and 
productivity, such as diffuse light fertilization and changes in spectral 
composition. However, their treatment of clouds was largely 
generalized. As acknowledged by both studies, cloud radiative effects 
vary markedly with factors such as cloud-base altitude, phase state, 
number of cloud layers, tropospheric moisture content, size of water 
droplets or ice particles, and the concentration and physical properties 
of condensation nuclei. Furthermore, physiological impacts of clouds 
extend beyond the shortwave radiative effects on photosynthesis, and 
also include longwave radiative impacts (which are especially 
important at nighttime), as well as direct and indirect impacts on plant 
water status. In the current review, we aim to add to the discussion of 

FIGURE 1

Schematic summary of cloud effects on daytime plant ecophysiology (excluding precipitation). Included are photosynthetically active radiation (PAR) 
and leaf temperature (TLeaf).
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cloud impacts on plant physiology in the context of climate change by: 
(i) differentiating between the radiative impacts of different major 
cloud types (e.g., cirrus, cumulus, stratus) (Section 2); (ii) expanding 
the discussion of cloud effects on shortwave (SW) radiation and plant 
productivity to include longwave and water-related impacts (excluding 
precipitation) (Section 3); and (iii) overlaying changes in global cloud 
cover with observed and predicted ecophysiological responses of 
plants in affected ecosystems (Section 4).

2 Cloud radiative effects vary by cloud 
regime

A substantial amount of research has evaluated the impacts of 
sunlight incidence on individual leaves due to leaf orientation, mutual 
shading among leaves of the same plant, or from shading from 
neighboring individuals of the same or other species (summarized in 
Loreto et al., 2004; Niinemets and Sack, 2006). However, fewer studies 
have considered changes in these same dynamics in incident sunlight 
due to clouds. Geographic regions vary distinctly in  local cloud 
regimes—a term which encompasses both total cloud amount and the 
relative frequency of occurrence of major cloud types (Jakob and 
Tselioudis, 2003). Because specific cloud regimes tend to exhibit 

comparable micro- and macro-physical properties (Sedlar et  al., 
2021), classifying cloud effects by regime can be  useful for 
extrapolating physiological findings to lesser-studied, but 
meteorologically-similar ecosystems, as well as fine-tuning predicted 
responses of native, invasive, and agricultural plant systems to 
climate change.

Clouds may be characterized by height (low, mid, and high-level 
clouds), optical depth (i.e., the ratio of irradiance at the surface relative 
to a clear day), or form (e.g., cumulus, stratus, and cirrus; Figure 2). 
Low clouds (cloud top pressure, or Pc > 680 mb) are primarily 
composed of water droplets, and include cumulus and low stratus 
clouds (e.g., fog). Mid-level clouds are often multi-state, comprised of 
both water droplets and/or ice crystals, and include high cumulus and 
stratus (i.e., altocumulus and altostratus, respectively) (Chen et al., 
2000). High clouds (Pc < 440 mb) are composed of ice particles, and 
include cirrus, cirrostratus, and anvil-topped clouds associated with 
deep convection (Chen et al., 2000). While ground-level measurements 
of shortwave (270–3,000 nm) radiation under major cloud types are 
readily available, measurements of photosynthetically active 
wavebands specifically (i.e., 400–700 nm), are more scattered in the 
literature. In the sections below, we take care to differentiate between 
SW and photosynthetically active radiation (PAR) measurements, in 
order to highlight gaps in the literature.

FIGURE 2

Comparative effects of major cloud types on light environment and plant physiological processes. Illustrations represent generalized effects of each 
cloud type on direct (large, solid yellow arrows) and diffuse (thin, dashed yellow arrows) irradiance. Percent transmitted shortwave (SW) (270–
3,000  nm) radiation relative to clear sky values under each cloud type are based on 10th–90th percentile measurements for high (cirrus), low cumulus, 
and low stratus reported in Figure 7 of Sedlar et al. (2021). Temporal variability is based on the standard deviation of scaled observed irradiance for 
cirrus, stratus, and cumulus skies reported as bounding boxes in Figure 5 of Duchon and O’Malley (1999). “Low” values represent a standard deviation 
below 100  W  m−2 during a continuous 21  min interval, “medium” between 101–300, and “high” above 301  W  m−2. Leaf temperature and physiological 
effects are theoretical (rough estimates), and represent predicted, relative responses of a C3 plant to changes in light quality and quantity, under 
optimal temperature and water conditions. Photosynthetic carbon assimilation (A) and transpiration (E) assume individual-plant (not ecosystem-level) 
measurements. Instantaneous water use efficiency, WUE (A/E), is also estimated based on these values. Images not drawn to scale.

https://doi.org/10.3389/ffgc.2024.1330561
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org


Hughes et al. 10.3389/ffgc.2024.1330561

Frontiers in Forests and Global Change 04 frontiersin.org

2.1 Sunlight intensity

Clouds can generate a remarkable range of sunlight intensities at the 
Earth’s surface compared to clear sky conditions, often well beyond the 
variation dictated by latitude or time of day (Gu et al., 2001). During the 
daytime, albedo effects of clouds exceed their reduction of longwave 
radiation emissions into space (greenhouse effects), resulting in a net 
cooling effect on the planet (Ceppi and Nowack, 2021). Nearly all clouds 
reduce direct-beam, shortwave radiation incident on the Earth’s surface 
when they obstruct the solar disk (albedo effects), perhaps with the 
exception of subvisual cirrus clouds (Sassen, 2002). Cloud shade is 
greatest when cloud cover fraction is high, clouds are in the vicinity of 
the solar disk, the sun is low on the horizon, and clouds exhibit high 
optical thickness (i.e., greater opacity; calculated as the logarithm of the 
ratio of incident to transmitted radiation) (Chen et  al., 2000; 
Tzoumanikas et al., 2016). Optical thickness can be affected by phase 
state and size of cloud particles, and interaction with aerosols (Ceppi 
et al., 2017; Durand et al., 2021; Sedlar et al., 2021). Clouds composed of 
large water droplets have the highest optical thickness and include low 
stratus clouds (including fog and cloud immersion), clouds associated 
with deep convection (e.g., cumulus congestis), and rain-bearing 
(nimbus) clouds (Chen et al., 2000; Sedlar et al., 2021).

The effects of different major cloud types on transmission of total 
shortwave radiation are summarized in Figure 2, based on the findings 
of Sedlar et al. (2021). No single study to our knowledge has similarly 
characterized the effects of different cloud types on transmission of 
photosynthetically active wavelengths specifically. Direct and diffuse 
photosynthetic photon flux densities (PPFDs) under cloud immersion/
fog have been reported in several studies (e.g., Letts and Mulligan, 
2005; Eugster et al., 2006; Reinhardt and Smith, 2008a,b; Letts et al., 
2010; Berry and Smith, 2012), and correspond with moderate to 
dramatic reductions in PAR, often interspersed with bright intervals 
during cloud gaps (e.g., Sanchez et al., 2014b). Photosynthetic photon 
flux densities associated with fair-weather cumulus clouds are also 
available, and indicate a wide range of optical densities for this cloud 
type (transmitting 24–94% clear sky PPFDs) (Hughes et al., 2015; 
Hernandez-Moreno et al., 2017; Bayeur et al., 2018). No studies to our 
knowledge have reported continuous PPFD measurements under 
deep convection clouds (although see Figure 3), nimbus clouds, cirrus 
clouds, or contrails. The latter is important since contrails associated 
with air traffic are expected to continue increasing at a rate of 2–5% 
per annum through 2050 (Penner et al., 1999; Schröder et al., 2000). 
Also, cirrus cloud thinning is a geo-engineering strategy proposed for 
mitigating global warming (Mitchell and Finnegan, 2009).

In addition to reducing incoming SW radiation through albedo 
effects, broken or scattered clouds may also amplify incoming sunlight 
to levels that exceed clear sky measurements (e.g., Duchon and 
O’Malley, 1999; Hughes et al., 2015; Sedlar et al., 2021). This is due to 
the combination of direct and diffuse radiation that occurs when 
sunlight reflected off nearby clouds combines with direct-beam 
sunlight transmitted between the clouds (discussed further in Section 
2.2.1). Indeed, one of the classification criteria used by Duchon and 
O’Malley (1999) to identify cumulus clouds using surface-
measurements was the presence of at least one value in the time series 
that exceeded clear sky values. Sedlar et al. (2021) similarly reported 
SW radiation values >120% clear sky levels on measurement days with 
low cumulus clouds. The effect of alternating high and low solar 
intensities on photosynthesis is revisited in our discussion of temporal 
dynamics (Section 2.5) and photoinhibition (Section 3.2.5).

2.2 Directionality

On completely clear days, sunlight is composed primarily of direct 
(or collimated) beams of sunlight. Clouds and aerosols increase 
Rayleigh and Mie scattering, changing its directionality and rendering 
sunlight more diffuse (for more detailed information, see Durand 
et  al., 2021). The directionality of sunlight is an important factor 
influencing penetration of sunlight into closed crowns and canopies 
(Alton et al., 2007). The diffuse fraction of sunlight approaches 100% 
when the outline of the solar disk is completely obscured by the cloud 
(Durand et  al., 2021). The diffuse fraction of total PPFD ranges 
between 8–16% on completely clear days, 20–40% on partly cloudy 
days in between cloud shade intervals, and 60–100% under cumulus 
cloud shade or overcast skies (Dye, 2004; Urban et al., 2014; Hughes 
et  al., 2015; Hernandez-Moreno et  al., 2017). No studies to our 
knowledge have reported the diffuse fraction of photosynthetically 
active radiation (PAR) specifically under cirrus clouds or contrails. 
The impacts of diffuse PPFDs on photosynthesis are discussed in 
Section 3.2.2.

2.2.1 Combining direct and diffuse-beam 
radiation: the “cloud gap effect”

As previously mentioned, the combination of direct beam with 
diffuse sunlight reflected by nearby clouds can result in PPFDs higher 
than clear sky levels during cloud gaps on cloudy days, even exceeding 
the Solar Constant (measured outside the atmosphere) (Schade et al., 
2007; Piedehierro et al., 2014; Sanchez et al., 2014b; Hughes et al., 
2015). This phenomenon has been referred to as the ‘cloud gap effect’ 
(Gu et  al., 1999, 2001). According to Piacentini et  al. (2011), the 
requisites for cloud enhancement of sunlight include (1) a cumulus 
cloud field that is not directly obstructing the solar disk, (2) 50–90% 
cloud cover, and (3) dense clouds that favor multiple scattering events. 
However, contrails and cirrus clouds have also been reported to cause 
solar enhancement (Duchon and O’Malley, 1999; Feister and Shields, 
2005; Tzoumanikas et  al., 2016), and some studies have observed 
enhancement even when the solar disk is partly obscured (e.g., Schade 
et al., 2007; Mateos et al., 2013).

2.2.2 Focusing and amplifying sunlight: sun 
leaves and cumulonimbus clouds

Sunlight enhancement of nearly 1.4x clear sky total PPFDs 
have been observed in association with cumulonimbus clouds 
(Smith and Berry, 2013; Figure 3). Similarly, extraordinary values 
have been reported for sunlight data collected in a Brazilian 
grassland meadow (Gu et al., 2001), above a tropical forest (Dye 
et al., 2008), and in the Andean páramo (Sanchez et al., 2014b). 
While these high values may be attributed to processes similar to 
the cloud gap effect (Körner, 2003), it is also possible that large 
cumulonimbus clouds may generate photon amplification via 
channeling of photons through lengthy (kilometers-long) cloud 
tunnels, or, at the edges of grouped cumulonimbus clouds (SG 
Warren, pers. comm.). Similar propagation of absorbed sunlight 
occurs within the palisade cells of leaves, which focus photons 
through the column-like cells to maximize penetration into the 
lamina and photosynthetic cells deeper in the leaf (Smith et al., 
1997). There have also been reports of enhanced photosynthesis 
in aquatic algae due to ocean wave-action that generated 
extraordinarily large amplifications of sunlight and greater 
sunlight penetration into the water column (Evans et al., 2008).
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2.3 Spectral quality

Clouds and aerosols change the spectral quality of sunlight, 
which can also impact plant physiological processes. This topic was 
reviewed thoroughly by previous authors (Kanniah et  al., 2012; 
Durand et al., 2021), and so here we only summarize major trends. 
Briefly, when normalized against total irradiance, cloudy skies are 
found to be enriched in shorter (ultraviolet, blue, and green) and 
deficient in longer (red, far red) wavebands, relative to clear skies 
(Durand et al., 2021). These effects are most pronounced under low 
solar elevation angles, and appear to occur irrespectively of cloud 
type, having been reported under overcast, “cloudy,” and cloud-
immersed conditions (Dye, 2004; Urban et al., 2007; Reinhardt et al., 
2010). However, under very thick clouds, these enhancements 
decline due to increased non-selective scattering (Dye, 2004; Urban 
et al., 2007). Enhanced blue to red (B:R) ratios under cloud also do 
not appear to extend into the understory, where B:R is relatively 
higher under clear sky conditions (Endler, 1993; Durand et  al., 
2021). Because stomata are especially responsive to blue light 
(detected by blue/UV-A-detecting cryptochromes and phototropins), 
cloudy conditions could increase stomatal opening in low leaf area 
index (LAI) habitats or above the canopy, leading to further 
enhancements in photosynthesis, while the opposite response would 
be expected in the understory (Shimazaki et al., 2007; Lawson, 2009; 
Dengel and Grace, 2010).

The absorption of far-red radiation at 728 nm by water vapor also 
leads to higher R:FR in both the top of the canopy and understory 
habitats under cloudy skies compared to clear (e.g., Endler, 1993; 
Capers and Chazdon, 2004; Reinhardt et al., 2010). The red (R) to 
far-red (FR) ratio is important for regulating physiological processes 
mediated by phytochrome, e.g., seedling germination and 
development, circadian rhythms, flowering, and shade avoidance 
(reviewed in Han et al., 2007). Through mechanisms that have not yet 
been elucidated, both phytochromes and cryptochromes appear to 
be  involved, alongside temperature cues, in photoperiodic and 

phenological processes including bud burst and bud set (citations in 
Brelsford et al., 2019).

2.4 Longwave radiation

During both day and night, the water droplets that compose 
clouds strongly absorb longwave (infrared) radiation emitted by the 
Earth’s surface and lower troposphere, re-emitting these wavelengths 
either into space (i.e., top-of-atmosphere longwave radiative fluxes) or 
downward into the atmosphere (greenhouse effect) (Alados-
Arboledas et  al., 1995; Wielicki et  al., 1995). Clouds are effective 
insulators because liquid water droplets absorb thermal radiation 
1,000 times more strongly than water vapor (Stephens, 2005). Even ice 
clouds, which tend to be relatively transparent to incoming shortwave 
radiation (low albedo, low optical depth), absorb and re-emit outgoing 
longwave radiation, resulting in a net-positive (warming) effect on the 
atmosphere (Gasparini and Lohmann, 2016). Accordingly, cirrus 
cloud thinning is one proposed strategy for mitigating future warming 
due to climate change (Lohmann and Gasparini, 2017).

While top-of-the atmosphere heat exchange is restricted to high 
clouds, low-altitude clouds (e.g., stratocumulus, cumulus, and 
altostratus) exert the greatest warming effects on plants at the surface 
(Chen et al., 2000; Mülmenstädt et al., 2018; L’Ecuyer et al., 2019). 
Fully overcast skies at night have been estimated to increase longwave 
radiation at Earth’s surface up to 100 W m−2 (Feygel'son, 1988; 
Harrison et al., 1993). The warming of the lower atmosphere by low 
clouds further increases evaporation and water vapor content in the 
lower atmosphere, strengthening the greenhouse effect and inducing 
even more surface warming (i.e., positive water vapor feedback; Held 
and Soden, 2000; Garratt, 2001). Humidity of the lower atmosphere 
can also influence the capacity of clouds to warm the surface. Because 
water vapor in the lower atmosphere absorbs and scatters downwelling 
radiation before it reaches the surface, high water vapor content can 
mitigate transfer of thermal energy from clouds to plants. It has been 
estimated that the atmosphere becomes essentially opaque to 
downwelling radiation at water vapor contents above ca. 30 kg m−2 
(Stephens et al., 2012).

2.5 Temporal dynamics

The rapidity of temporal changes between cloud shade and cloud 
gaps can impact plant ecophysiology as well. As previously discussed, 
differences in PPFD between cloud gaps and cloud shade can 
be  dramatic, especially when PPFDs during cloud gaps exceed 
clear-sky values (Sections 2.2.1, 2.2.2). In the forest, temporal 
fluctuations in incident PPFDs on clear days are associated with 
shadows cast by individual plant leaves within a crown or canopy. 
These alternating values of high and low PPFDs can occur over 
seconds (e.g., “sunflecks”; Chazdon and Pearcy, 1986), to minutes and 
hours (“sunpatches”; Smith and Berry, 2013). Some authors have 
noted the parallels in temporal changes in light environment under 
cloud cover with those imposed by the canopy in the forest, as broken 
cloud cover can cause variable temporal exposure to cloud shade 
lasting seconds (small or fast-moving clouds) to tens of minutes to 
hours (for larger or slower-moving clouds) (Smith and Berry, 2013). 
However, not all clouds are associated with dramatic temporal 

FIGURE 3

Frequency distribution of total (direct plus diffuse) photosynthetic 
photon flux density (PPFD) during a clear day (black bars) and a 
typical afternoon (1,200–1,800  h) with cumulonimbus clouds (grey 
bars) measured on July 26 and August 17, 2017 (3,654  m elevation), 
Medicine Bow Mountains, southeast Wyoming, United States (from 
Smith and Berry, 2013).
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fluctuations in irradiance. Indeed, Duchon and O’Malley (1999) used 
low variance in PPFD over a 21 min window as a criterion for 
differentiating stratus and cirrus clouds (low standard deviation) from 
cumulus clouds (high).

Eastman and Warren (2014) reported that cloud types also tend 
to have distinct temporal dynamics within the span of a day. Notably, 
cumulus clouds worldwide (at least over land) tend to form in the 
afternoon, as the ground warms and convection results in formation 
of cumulus clouds. Stratiform clouds tend to be most abundant in the 
morning, when Earth’s boundary layer is coolest, resulting in 
condensation and formation of fog and other stratiform clouds. The 
presence of any aerosols in the atmosphere promotes nucleation of 
cloud droplets and formation of low clouds in the morning (Rosenfeld 
et al., 2008); however, in the afternoon and evening, warming of the 
atmosphere by darkly-colored aerosols may inhibit low cloud 
formation (Ten Hoeve et al., 2012).

It is also important to recognize that the temporal variability in 
incident sunlight intensity and directionality due to clouds and 
aerosols is superimposed over similar changes in incident sunlight 
that occurs within individual plants and among neighboring plants on 
clear days (Smith and Berry, 2013). These cloud dynamics and 
corresponding variability in sunlight intensity and temporal 
variability, as well as the amount of diffuse versus direct sunlight 
incidence, add multiple levels of complexity for understanding and 
predicting the ecophysiological impacts of clouds now and in the 
future. Thus, mathematical models attempting to simulate accurately 
the magnitude and temporal variation of cloud effects on sunlit leaf 
areas and corresponding plant productivity have been a 
continuing challenge.

3 Ecophysiological effects of clouds

3.1 Differentiating cloud from precipitation 
effects

One challenge in interpreting the effects of local cloud patterns on 
plant ecophysiology is the precipitation that often accompanies cloud 
cover, and the corresponding increases in soil moisture and 
accompanying nutrient uptake. Clearly, this greater uptake of soil 
water and nutrients could mask any direct effects of clouds on a 
species ecophysiology, e.g., photosynthetic carbon gain and 
transpirational water loss. To differentiate between these effects, 
we  restrict our discussion here to impacts directly or indirectly 
involving clouds, excluding precipitation.

3.2 Daytime

3.2.1 Leaf temperature
Temperature is a fundamental driver of all physiological processes 

in plants (Figure 1). During the daytime, the cooling effects of cloud 
shade directly and indirectly impact photosynthesis (Section 3.2.2), 
respiration and photorespiration (Section 3.2.3), and plant water 
status (Section 3.2.4). Daytime cooling effects further extend into the 
understory, where clouds can ameliorate the potentially extreme 
temperatures associated with direct sunlight patches combined with 
typically low wind speeds (low convective heat dissipation) (Watling 

et al., 1997). Conversely, in colder ecosystems or seasons, reduced leaf 
temperatures could also reduce photosynthesis and increase 
vulnerability to photo-oxidative stress (Section 3.2.5). In the sections 
below, we expand on and integrate these temperature effects into plant 
physiological processes, while differentiating between effects by major 
cloud type (if known).

3.2.2 Photosynthesis
Much data exists describing effects of clouds on photosynthesis at 

the leaf, shoot, and ecosystem levels, although gaps in the literature 
remain (especially for cirrus clouds and contrails). Kanniah et  al. 
(2012) provides a useful table summarizing results of previous studies 
examining cloud and aerosol effects on canopy-level ecosystem 
productivity. The extent to which clouds impact photosynthesis on any 
structural scale depends on many factors, including air and soil 
temperature, plant water status, cloud optical thickness, canopy 
structure, and plant physiological constraints (e.g., light-saturation 
point), which are discussed below.

Perhaps the most obvious (and well-studied) effect of clouds on 
photosynthesis is their attenuation of downwelling irradiance. Clouds 
with low optical thickness (e.g., cirrus, thin cumulus or altostratus) 
may transmit sufficient PPFDs to saturate instantaneous 
photosynthesis at the leaf or shoot level (i.e., >500 μmol m−2 s−1 for 
most C3 plants) (Fan et al., 1995; Larcher, 2003;Johnson and Smith, 
2008; Sanchez et  al., 2016). Conversely, significant reductions in 
instantaneous photosynthesis of sun-exposed leaves have been 
reported under heavy cloud shade associated with cumulus clouds 
(Knapp and Smith, 1988; Hughes et al., 2015), overcast skies (Sanchez 
et  al., 2014a, 2016; Hernandez-Moreno et  al., 2017; Bayeur et  al., 
2018), and cloud immersion (Letts and Mulligan, 2005; Reinhardt and 
Smith, 2008a,b; Letts et al., 2010).

Enhanced diffuse light associated with clouds (Section 2.2) can at 
least partially offset reductions in total PPFDs by increasing sunlight 
distribution within crowns, stands, and canopies through diffuse light 
fertilization effects (Zhang et al., 2020). Light-saturation values of 
photosynthesis in shade-adapted species and shade-acclimated leaves 
range between 100–500 μmol m−2 s−1 (Larcher, 2003), and so even 
slight increases in irradiance in shaded microsites can lead to 
significant gains in carbon fixation. A more evenly-distributed 
radiation load in forest canopies is a major driver of enhanced light 
use efficiency, LUE (mol C mol− 1 photons) under cloudy conditions, 
although reduced respiration rates associated with cooler leaf 
temperatures and enhanced stomatal conductance resulting from a 
reduced vapor pressure deficit (particularly in the afternoon) are also 
recognized as important factors (Alton et al., 2007; Zhang et al., 2020). 
Higher LUE under cloudy vs. clear sky conditions has been 
documented for numerous plant functional groups and ecosystems 
(citations in Kanniah et al., 2012; Durand et al., 2021), with the most 
dramatic enhancements occurring in ecosystems characterized by 
high leaf area index (LAI), corresponding with high ratios of shaded 
to sun-lit foliage (Greenwald et al., 2006; Alton, 2008). However, these 
effects may reverse under CO2 doubling, through processes not yet 
fully understood (Urban et al., 2014).

It is important to note that increased LUE associated with diffuse 
light fertilization by clouds/aerosols is not always sufficient to offset 
reductions in productivity associated with lower total PPFDs (Alton 
et al., 2007). Alton (2008) reported consistent, significant declines in 
net ecosystem productivity and carbon sequestration in a wide variety 
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of ecosystems under heavy cloud cover characterized by <40% clear 
sky PPFDs, despite elevated diffuse light fractions. However, under 
light cloud cover (<30% attenuation), the same study demonstrated 
slightly (ca. 10%) higher productivity in forested ecosystems relative 
to clear skies. These results suggest a “Goldilocks effect” for cloud 
cover, whereby maximum ecosystem productivity occurs under an 
intermediate amount of cloud. Similarly, diffuse PPFDs were reported 
to be  brightest during broken, thin clouds with hourly sunshine 
amounts ranging 0.3–0.5 sunshine hours per hour (Page, 2012).

Cloud effects on photosynthesis also depend on the light 
saturation point (LSP) of plant species within the ecosystem, which 
can vary with plant functional type, water and nutrient status, leaf 
area, leaf inclination, crown structure, etc. For example, several studies 
have shown that broad-leafed angiosperms show significant 
reductions in photosynthesis under overcast or cloud-immersed 
conditions compared to co-occurring conifers (Johnson and Smith, 
2008; Sanchez et al., 2016). C4 grasses and crops, too, tend to exhibit 
greater reductions in photosynthetic carbon gain under cloud cover 
compared to C3 species at similar irradiances (Figure 4; Still et al., 
1999; Niyogi et al., 2004; Alton, 2008; Ye et al., 2020).

Clouds also influence photosynthesis indirectly through effects on 
leaf temperature (Figure 1). During intervals of cloud shade, leaves 
cool proportionally to the duration and optical density of the cloud, 
reducing rates of temperature-dependent biochemical processes 
including respiration, photorespiration, and photosynthesis, as well as 
evapotranspiration (Farquhar et al., 1980; Urban et al., 2007; Hughes 
et al., 2015). In cases where air temperatures exceed photosynthetic 
optima, however, cloud shade may increase photosynthesis (Baldocchi 
and Harley, 1995; Steiner and Chameides, 2005). Cooler leaf 
temperatures under cloud shade also reduce the leaf-to-air vapor 
pressure deficit (VPD), thereby decreasing rates of evaporative water 
loss (Hughes et al., 2015; Section 3.2.4). Higher plant water potentials 
promote sustained stomatal conductance (gs) and CO2 uptake, 
enhancing carbon gain while mitigating costs associated with 
photorespiration and photoinhibition (Urban et al., 2014). This is 

especially important in the afternoon, when low mid-day water 
potentials may lead to stomatal closure and mid-day depression of 
photosynthesis. Indeed, while diffuse light fertilization effects drive 
enhanced gs under cloud cover in the morning (when plant water 
stress is minimal), a lower leaf-to-air VPD is the primary driver of 
enhanced gs under cloud cover during afternoon (Freedman et al., 
2001; Urban et al., 2014; Zhang et al., 2020).

Finally, there is some evidence that plants adapted to different 
light environments (including cloud regimes) exhibit leaf anatomical 
characteristics which maximize light absorption in that environment. 
For example, high-light adapted C3 plants often exhibit thicker leaves 
and multiple layers of vertically-oriented palisade cells, which 
efficiently facilitate distribution of direct beam sunlight through the 
leaf lamina (Vogelmann and Martin, 1993). Under diffuse light, 
however, light use efficiency in such species declines due to increased 
reflection off the leaf surface and a decrease in light penetration 
(Brodersen and Vogelmann, 2010; Earles et al., 2017). Some canopy 
tree species adapted to montane cloud forests, in contrast, exhibit up 
to 100% greater photosynthesis under diffuse light (Berry and 
Goldsmith, 2020), although the mechanisms responsible for 
photosynthetic enhancement were not described. However, variation 
exists within communities, even between plants in the same 
successional stage. For example, although three of the eight early-
successional tropical canopy species examined by Berry and 
Goldsmith (2020) showed significantly higher net photosynthesis 
under diffuse light conditions, two species showed higher net 
photosynthesis under direct light conditions, and three species 
showed no significant differences between treatments. In general, 
much more research is needed to understand how plants have adapted 
to their local cloud regimes at these lower structural levels.

3.2.3 Respiration and photorespiration
Declines in photosynthetic carbon gain under cloudy conditions 

with low PPFDs may be offset to some degree by reduced respiration 
rates associated with cooler temperatures (Gu et al., 1999; Urban et al., 
2007; Knohl and Baldocchi, 2008). Alton (2008) demonstrated that 
cooling-induced reductions in ecosystem respiration under cloudy 
skies offset declines in gross primary productivity (GPP) by 
approximately one third during the growing season in 38 Fluxnet sites 
representing six plant functional types.

Lower leaf temperatures afforded by cloud shade may also reduce 
photorespiration on hot days by slowing enzymatic reactions, 
increasing solubility of CO2, and reducing leaf to air vapor pressure 
deficits; the latter enhances leaf water balance, promoting stomatal 
opening and CO2 uptake (Figure 1; Ku and Edwards, 1977; Urban 
et al., 2014). The cooling effects of cloud shade are especially important 
for C3 plants under drought conditions and during the afternoon 
hours, when low water potentials promote stomatal closure (Freedman 
et al., 2001; Urban et al., 2012, 2014; Sanchez et al., 2016).

3.2.4 Water balance
Clouds are known to have beneficial effects on plant water status 

through several direct and indirect mechanisms. As discussed in 
Section 3.2.2, lower leaf temperatures and corresponding reductions 
in leaf-to-air VPD reduce transpiration under daytime clouds and 
allow plants to maintain higher plant water potentials, which are 
reflected in enhanced gs and CO2 uptake. Reports of cloud effects on 
plant water potentials are sparse (most notably lacking are 

FIGURE 4

Plants vary in their photosynthetic responses to cloud cover. Shown 
here are photosynthetic light response curves for a C3 (soybean; 
Glycine max) and C4 species (grain amaranth; Amaranthus 
hypochondriacus), adapted from Ye et al. (2020). The star indicates 
the light saturation point (LSP, estimated as 90% maximum A) of the 
C3 species. Horizontal bars represent rough range of PPFDs 
transmitted under three major cloud types (calculated using % clear 
sky transmittance values from Figure 2, assuming clear sky PPFD of 
2000 μmol  m−2 s−1).
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FIGURE 5

Montane ecosystems adapted to frequent cloud immersion face greater vulnerability to drought and frost stress with lifting cloud bases. Examples 
include the páramo in the Andes mountains of South America (A), and refugial spruce-fir forests in the Appalachian mountains of North America (B). 
Photos by Adriana Sanchez (A) and David Oppenheimer (B).

measurements for grasses and deciduous trees, and many tropical 
ecosystems). However, there is some evidence that partly cloudy 
(cumulus), overcast (stratiform), and cloud immersion all buffer 
declines in mid-day water potentials (e.g., Reinhardt and Smith, 
2008a,b; Urban et al., 2012; Berry and Smith, 2014; Hughes et al., 
2015; Sanchez et al., 2016), which may help extend carbon gain over 
the growing season (assuming irradiance is not limiting).

Water use efficiency (WUE, calculated as A/E) is an important 
parameter for native plant adaptation, as well as for calculating 
agricultural yield and associated irrigation costs. If absorbed PAR is 
sufficient to saturate photosynthesis (A), reduced evapotranspiration 
(E) owing to cooler leaf temperatures can result in higher WUE 
compared to clear days (e.g., Young and Smith, 1983; Fan et al., 1995; 
Lamaud et al., 1996; Rochette et al., 1996; Freedman et al., 2001). 
Similarly, reduced E under intermittent cloud shade on partly cloudy 
days has been shown to carry over into brighter, between-cloud 
intervals, resulting in increased WUE during cloud gaps compared to 
clear days (Freedman et al., 2001; Hughes et al., 2015; Kivalov and 
Fitzjarrald, 2019). However, reductions in A under heavier cloud 
shade (i.e., below light-saturating levels) can reduce WUE despite 
lower E (Johnson and Smith, 2008; Reinhardt and Smith, 2008a,b; 
Sanchez et al., 2014b; Hughes et al., 2015).

The increased WUE afforded by intermediate levels of cloud shade 
could be considered another example of the “Goldilocks effect” in 
cloud-plant interactions, whereby too little cloud shade reduces WUE 
by increasing E, and too much cloud shade reduces WUE by reducing 
A. This latter point is complicated, however, by the fact that plant 
species vary dramatically in light requirements needed to offset 
respiration demands and saturate photosynthesis (Larcher, 2003). 
Hence, species with high light saturation points (LSP) may show 
declines in WUE while co-occurring species with lower LSP exhibit 
increased WUE under the same level of cloud cover (e.g., Johnson and 
Smith, 2008; Sanchez et  al., 2016). Similarly, while some species 
maintain gs during short term variations in PPFDs, others track light 
levels closely, especially when drought stressed, opening stomata 
during high light and closing them during shade periods (Knapp and 
Smith, 1988; Knapp and Smith, 1990). In the latter case, increases in 
A upon return of high light are restricted by the lag in stomatal opening.

Perhaps the most direct effect of clouds on plant water status is 
uptake of fog water, either through leaves (primarily as vapor through 
stomata, but also directly through the cuticle) or through the soil in the 
form of fog drip (Weathers et al., 2020; Guzmán-Delgado et al., 2021). 
Fog, or low-cloud immersion, is common in valleys, coastal forests and 
deserts along nearshore-coastal upwelling zones with strong subsidence, 
as well as tropical and temperate montane cloud forests (e.g., Figure 5; 
Weathers et al., 2020). Immersion events can be daily in mountain 
cloud-forest communities (e.g., elfin forest), or may be  periodic 
according to the day or season (e.g., coastal forests) (Scholl et al., 2011). 
Foliar uptake during fog or low cloud immersion has been documented 
in a broad variety of species, including bryophytes, ferns, grasses, 
shrubs, temperate deciduous and coniferous trees, and epiphytes 
(Limm et al., 2009; Ebner et al., 2011; Eller et al., 2013; Goldsmith et al., 
2013; Berry et al., 2014a,b; Schreel et al., 2019). In addition to being an 
important source of water, fog also increases nutrient and pollution 
deposition (Weathers et al., 2020 and citations therein). However, in 
combination with precipitation, fog may also promote waterlogging of 
soils, leading to water stress reflected in stomatal closure but not shoot 
water potential (Green and Jane, 1983). Similarly, saturating VPDs may 
reduce the ability of plants to take up soil nutrients, due to lack of a 
vapor pressure gradient between the leaf and the air sufficient to drive 
transpirational pull (Gisleröd et al., 1987; Del Amor and Marcelis, 2004).

3.2.5 Photoinhibition
Full sunlight levels are commonly recognized as inhibitory to 

photosynthesis (i.e., photoinhibition), especially at low temperatures 
(Krause, 1994). When energy absorption is in excess of that which can 
be  processed through the Calvin cycle, a deficiency in available 
electron substrates results, leading to closure of reaction centers and 
increased energy transfer from chlorophyll to atmospheric oxygen, 
formation of singlet oxygen and associated reactive oxygen species, 
and ultimately photo-oxidative damage (reviewed in Goh et al., 2012). 
Energy dissipation mechanisms may be  employed under such 
circumstances, e.g., photorespiration, the Mehler-peroxidase pathway, 
the xanthophyll cycle, etc. (Heber et al., 1996; Gururani et al., 2015). 
Because these processes are competitive with photochemistry, they are 
collectively termed ‘non-photochemical quenching’ (NPQ), and 
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degree of engagement can be quantified using chlorophyll fluorescence 
parameters (Rosenqvist and van Kooten, 2003).

Rapid temporal changes in PPFD have been shown to induce 
photoinhibition of photosynthesis, although the magnitude of these 
reductions is highly variable, depending on genetic constraints 
imposed by, e.g., stomatal induction, Rubisco activitation, regeneration 
of RuBP, diffusional limitations, leaf and stomatal movement, and 
relaxation rates of NPQ, as well as the duration and intensity of both 
past and present sunlight exposure (Chazdon and Pearcy, 1986; Ooba 
et al., 2003; Alter et al., 2012; Kaiser et al., 2016; Morales and Kaiser, 
2020; Zhang et  al., 2021). Are plants adapted to dynamic sky 
conditions better equipped to tolerate and utilize dramatic changes in 
PPFDs compared to plants adapted to more uniformly sunny 
environments (as seen in late successional vs. early-successional tree 
species, e.g., Zhang et al., 2012)? No studies to our knowledge have 
tested this hypothesis. However, under alternating cloud shade and 
cloud gap intervals associated with partly cloudy afternoons typical 
for the Rocky mountains, spruce and fir saplings exhibited only slight 
changes in PSII quantum yield (ΦPSII) during cloud gaps (< 0.1 units), 
suggesting minimal photoinhibition of photosynthesis (Hughes et al., 
2015). Similarly, Sanchez and Smith (2015) showed only mild declines 
(<20%) in maximum PSII quantum yield efficency in the light-
adapted state (Fv’/Fm′) under alternating periods of artificially applied 
low (250 μmol m−2 s−1) and extremely high PPFD’s (3,500 μmol m−2 s−1) 
in the alpine herb Caltha leptosepala at the same field site. No studies 
to our knowledge have tested the photoinhibitory response of plants 
adapted to clear sky conditions (e.g., desert plants) to fluctuating light 
levels. We were also unable to find studies measuring photoinhibition 
under intermittent cirrus clouds (or contrails).

3.2.6 Leaf and stomatal tracking
It now appears that exposure to full sunlight at midday is avoided 

by a large majority of broadleaf, vascular plant species via passive leaf 
wilting or changes in leaf orientation (Loreto et al., 2004; Niinemets 
and Sack, 2006). Such leaf movements can temper sunlight incidence 
from 100% full sun to less than a few percent (Reifsnyder and Lull, 
1965; Huang et al., 1985). If direct sunlight incidence is not avoided, 
daily photosynthetic carbon gain may be limited by photoinhibition, 
photorespiration, and/or stomal closure associated with rising leaf 
temperatures and increased transpirational water loss (Loreto et al., 
2004). Leaf movements have been observed in response to cloud-
modulated changes in irradiance, and rate changes in leaf orientation 
of up to an angular degree per second have been measured in response 
to rapidly moving clouds (Huang et al., 1985). As described in Section 
3.2.4, stomata also appear to track clouds similarly to sunflecks. Do 
plants adapted to dynamic cloud regimes similarly exhibit leaf 
movements in response to alternating intervals of sun/shade? Overall, 
this topic remains poorly understood.

3.3 Nighttime

The impacts of nighttime compared to daytime clouds is an 
understudied area with potentially important ecophysiological 
impacts on plants, beyond the important temperature effects that 
dictate growth season length. Below we summarize effects of clouds 
on nighttime leaf temperatures, and corresponding effects on 
respiration, phenological signaling, frost, and dew formation. We note 

also that nighttime clouds can also potentially interfere with plant 
circadian clocks, which can be  based on moonlight (Breitler 
et al., 2020).

3.3.1 Nighttime plant temperature
At night, low clouds can trap infrared radiation and increase 

surface temperatures, and mitigate frost damage associated with cold 
nights and clear mornings. However, the influence of specific cloud 
types on nighttime plant ecophysiology has not been evaluated 
comprehensively. At sites in the Rocky Mountains, United  States, 
measured leaf temperatures on clear nights with typically still air 
resulted in near-freezing leaf temperatures several degrees below air 
temperature (Jordan and Smith, 1994, 1995a; Germino and Smith, 
2000). Similarly, reduced ecosystem respiration has been reported 
under cooler nighttime temperatures in multiple forest systems (Alton 
et al., 2007; Alton, 2008).

Changes in plant structure, architecture, and microsite preferences 
that are adaptive for avoiding nighttime sky exposure have been 
observed, separate from daytime sun exposure, although these most 
often occur mutually (Jordan and Smith, 1995b). Confusion also 
emerges due to the similarity in plant responses to avoid full sunlight 
and those required to avoid the cold night sky. Both slope orientation 
and sheltering vegetation appeared to have dramatic effects on the 
intensity and frequency of frost episodes during summer 
(Christersson, 1985). The greatest survival of conifer seedlings occurs 
at microsites with low sky exposure, despite the greater competition 
for soil water generated by the presence of the surrounding vegetation 
(Germino and Smith, 2000, 2001). Indeed, seedling survival is 
increased most (>90%) by a facilitated reduction in sky exposure, and 
not by water competition with the adjacent plants (also see Callaway 
et al., 2002; Smith et al., 2003). Experimental watering did not alter the 
positive response of establishing treeline seedlings of Abies, Picea, and 
Pinus species compared to experimental elimination of plant cover, 
supporting the role of sky exposure (rather than moisture-limitations) 
in controlling ecotonal tree seedling establishment (Maher and 
Germino, 2006). However, we also note that seedlings of deciduous 
treeline species appear to thrive in more exposed microsites, which 
could be related to their avoidance of the cold winter season owing to 
leaf shed (Hughes et al., 2009).

Finally, nighttime minimums also serve as a primary phenological 
signal initiating the beginning and/or end of the annual growing 
season in temperate ecosystems. This topic is discussed further in 
Section 4.3.

3.3.2 Frost
Seasonal frost damage and the strong effects of nighttime longwave 

radiation exchange on minimum leaf temperatures were described by 
Christersson (1985), in a summary of the importance of summer frost 
damage to both agricultural species and native tree species in Sweden. 
Severe frost damage at night was observed in native poplar species of the 
Rocky Mountains of Canada and the United States, especially when 
warmer daytime temperatures were followed by freezing nights (Zalasky, 
1976). Less frost damage occurred in a variety of species (e.g., crops, 
ferns, and Vaccinium spp.) if individual plants were sheltered from clear 
night skies (Bannister, 1973). The importance of clear-sky exposure on 
summer frost occurrence has also been documented as influencing 
growth and establishment of tamarack trees and black spruce (Dang 
et al., 1992). Radiation frosts have also been associated with inverted 
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treelines in frost hollows of Southeastern Australia (Paton, 1988) and in 
Western Australia where re-vegetation of mined and agricultural areas 
using Eucalyptus tree seedlings occurs. Multiple leader production in 
response to radiation frost damage to apical buds is now recognized as 
a primary cause of substantial reduction in productivity in forests 
throughout the world (Gross, 1983; Raitio, 1987; Holopainen, 1990).

3.3.3 Dew
Leaf temperatures below air temperature may also result in 

condensation events and leaf surface wetting (i.e., dew formation), 
typically during the early morning hours when water status and 
photosynthesis are at their daily maximum (except in cold-limited 
times and seasons). Almost universally, plants respond to the 
possibility of severe restriction in gas exchange across a water film by 
repelling water into droplets (Smith and McClean, 1989; Letts and 
Mulligan, 2005). Nevertheless, a host of plant species are known to 
depend on dew formation on leaves for hydration (Berry and Smith, 
2014). This process would be  curtailed by warmer nighttime 
temperatures associated with increased cloud cover, preventing colder 
leaf temperatures needed to reach the dewpoint.

3.4 Combined effects of nighttime and 
daytime clouds

There is direct evidence that the combined stresses of near-freezing 
leaf temperatures, usually occurring just before sunrise, combined with 
high incident sunlight at daybreak, can result in a strong and lasting 
negative impact on photosynthetic performance in a variety of plant 
species (Lundmark and Hällgren, 1987; Örlander, 1993; Adir et al., 
2003). Such excessive sun exposure can result in particularly strong 
reductions in daily photosynthesis and subsequent mortality, especially 
in first-year tree seedlings in the field (Krause, 1994; Germino and 
Smith, 1999; Alves et al., 2002; Hernandez Velasco and Mattsson, 2020). 
Just as neighboring plants are known to protect others from both high 
daytime insolation plus the cold nighttime sky (Leuning, 1988, 1989; 
Ball et al., 1997; Egerton et al., 2000; Germino et al., 2002; Maher et al., 
2005), clouds may also buffer the transition between night and day.

Under cold conditions, plants often maintain some degree of 
sustained non-photochemical quenching through cold nights, which 
can help mitigate photo-oxidative damage the following day (reviewed 
in Verhoeven, 2014). Photosynthetic photoinhibition resulting from 
the combination of both low nighttime temperatures and high 
morning irradiance (natural or simulated) has been reported for some 
native tree species, including Eucalyptus (Holly et al., 1994; Davidson 
et al., 2004); Fagus and Fraxinus (Einhorn et al., 2004); Picea (Kitao 
et al., 2004); Mediterranean tree species (Martínez-Ferri et al., 2004); 
and conifer seedlings (Germino and Smith, 1999).

4 Changing cloud patterns

Clouds are not distributed evenly around the globe, either in 
frequency or type (Eastman and Warren, 2013; L’Ecuyer et al., 2019; 
Figure 6A). Latitudinal trends in cloud cover are governed primarily 
by largescale patterns of convection driven by uneven heating of the 
earth’s surface. Rising temperatures, disproportionately in the 
Arctic, impact the thermal gradients which drive these air 

circulation patterns, affecting cloud height, frequency, morphology, 
and distribution worldwide (summarized by climatic zone in the 
following sections). Eastman and Warren (2013) provide a useful 
surface-based cloud climatological atlas describing diurnal, 
seasonal, and multi-decadal trends for each major cloud type over 
a 39 year period.1

In addition to global patterns of convection, regional factors 
also impact cloud formation over land. These include mountains 
(orographic lifting), transpiration from vegetation, land cover 
change, and the presence of condensation nuclei (e.g., aerosols, 
pollution, salt spray) (Boucher et al., 2013; Ray, 2013; Yan et al., 
2020; Spiridonov and Ćurić, 2021). Clouds nucleated on aerosols 
may be  brighter, as they tend to be  composed of higher 
concentrations of smaller water droplets (Rosenfeld et al., 2008). 
Such clouds are longer-lived and less likely to form precipitation 
(Ten Hoeve et  al., 2012 and citations therein). “Brown clouds” 
comprised of carbonaceous aerosols have also been associated with 
large-scale deforestation in many locations around the globe 
(Ramanathan et  al., 2007). Darkly-colored aerosols, including 
those associated with forest fires, can promote cloud formation at 
low concentrations by acting as condensation nuclei; however, 
cooling effects are reversed at higher concentrations, as 
atmospheric warming favors evaporation of low clouds and 
formation of high clouds from resulting updrafts (Ten Hoeve et al., 
2012; Liu et  al., 2020). Notably, reductions in atmospheric 
pollutants associated with clean-air initiatives have been implicated 
in localized reductions in low cloud cover and optical thickness at 
several locations around the globe (Yan et al., 2020; Watson-Parris 
et al., 2022).

Deforestation also impacts cloud formation regionally by 
interrupting the recycling of soil water back into the atmosphere via 
evapotranspiration, and reducing atmospheric water vapor available 
for cloud formation and precipitation (Staal et al., 2020; Xu et al., 
2022). There is some evidence, however, that small-scale deforestation 
may increase clouds and precipitation locally, owing to convective 
circulation induced by land surface heterogeneity, although this effect 
diminishes with increasing size of the deforested area (Souza et al., 
2000; Khanna et al., 2017). Warmer surface temperatures in deforested 
areas also increase the altitude at which overlying clouds form (Lawton 
et al., 2001; Ray, 2013), similarly to urban heat islands (Williams et al., 
2015; Yan et al., 2020).

Finally, most models agree that cloud top and cloud base heights 
are increasing on average globally, although the magnitude of the 
latter varies widely regionally and across models (Prein and 
Heymsfield, 2020; Zelinka et  al., 2020). These changes have been 
attributed to a variety of global and regional factors, including warmer 
air temperatures (which increase the height at which condensation 
occurs), pollution, urbanization, and interruption of the hydrological 
cycle by deforestation (Lawton et al., 2001; Ray, 2013; Williams et al., 
2015; Yan et al., 2020). However, cloud base heights are not increasing 
everywhere. In fact, in regions where atmospheric moisture, clouds, 
and precipitation are increasing, clouds bases have been lowering (e.g., 
India; Figure 6B). The most dramatic lifting of cloud bases occurs in 
regions with atmospheric drying (e.g., tropical America and Africa; 

1 https://atmos.uw.edu/CloudMap/LandTrends.html
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Los et  al., 2021). As described previously, regional patterns of air 
pollution and deforestation also play a role.

In the sections below, observed and predicted trends in cloud 
cover over land for the major climate zones (tropics, subtropics, 
temperate, and polar) are summarized, incorporating both global 
and regional factors. Potential ecophysiological impacts of 

changing cloud patterns on dominant plant ecosystems are 
discussed in broad terms (i.e., in terms of anticipated impacts on 
major functional groups, e.g., broadleaf deciduous trees, C3 and 
C4 crops, montane cloud forest species, etc.), and interpreted by 
overlaying patterns of GPP (Figure  6C) and its environmental 
drivers (Figure 7).

FIGURE 6

Global cloud frequency, cloud trends, gross primary productivity (GPP) trends, and the major terrestrial biomes. Global mean cloud frequency data 
(A) adapted from Figure 1 of Wilson and Jetz (2016), and based on twice-daily satellite-derived cloud observations at 1-km resolution, taken between 
2000 and 2014. Monthly data are available at http://www.earthenv.org/cloud. Red lines represent the approximate position of the intertropical 
convergence zone (ITCZ) in July and January (adapted from Yan, 2005). (B) Represents % change in cloud amount between 1983 and 2009 (relative to 
the 60° S–60° N mean), based on Coupled Model Intercomparison Project (CMIP5) historical simulations with all radiative forcings included (adapted 
from Figure 1C in Norris et al., 2016). Black dots represent statistically significant trends (p  <  0.05). Gross primary productivity trends (1982–2016), 
(C) from an optimum remote sensing light use efficiency model, adapted from Madani et al. (2020); black dots represent statistically significant trends 
(p  <  0.05). Biomes map (D) adapted from Olson et al. (2001).
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FIGURE 7

Dominant climatic factors affecting GPP between 1982 and 2016 (from Madani et al., 2020). Colors indicate Pearson correlations of minimum daily 
temperature (Tmin), vapor pressure deficit (VPD), soil moisture (SM), and photosynthetically active radiation (PAR). Nonsignificant correlations are not 
included.

4.1 Tropics

High solar radiation coupled with an abundance of warm ocean 
water favors formation of deep convective clouds (cumulonimbus, 
congestus, and associated cirrus clouds) in the tropics, with a diurnal 
maximum occurring around mid-day (Eastman and Warren, 2014). 
Nearly all cloud types are more common in the tropics than other 
latitudes, although those associated with deep convection dominate 
(Sassen and Wang, 2008, 2012; Li et al., 2015; L’Ecuyer et al., 2019). 
The resulting band of moist, heated air near the equator forms the 
ascending arm of the Hadley cells, and is a major driver of global air 
circulation patterns. At its center lies the intertropical convergence 
zone (ITCZ), a roughly 80–300 km wide band where the trade winds 
from the Northern and Southern Hemispheres converge (Yan, 2005). 
The ITCZ accounts for an estimated 32% of global precipitation (Kang 
et  al., 2018). Coupled Model Intercomparison Project (CMIP5) 
models show robust support for a CO2-induced deepening and 
narrowing of the ITCZ, in a process referred to as the “deep-tropics 
squeeze” (Lau and Kim, 2015; Byrne and Schneider, 2016; Su et al., 
2017, 2020; Zhou et al., 2019). This process results in deeper, stronger 
convection at the center of the ITCZ, but fewer high clouds (and less 
precipitation) at the margins of the convection zone (Figure 8; Zhou 
et al., 2011; Chou et al., 2013; Lau and Kim, 2015; Norris et al., 2016; 
Su et al., 2017). Accordingly, general circulation models are in robust 
agreement that the length of the rainy season will shorten in the 
tropics under 1.5o–2°C warming, with approximately 10% of the 
tropics expected to experience rainy seasons which are 6–7 days 
shorter (Saeed et al., 2018). In terms of direct cloud effects (apart from 
precipitation), fewer clouds at the margins of the convective zone will 
correspond with greater downwelling solar (as in, greater downwelling 
solar radiation) radiation during the day, which could increase 
primary productivity in PAR-limited regions of the tropics where 
moisture is abundant (e.g., western Congo). However, in PAR-limited 
regions where clouds are increasing (e.g., much of southeast Asia), 

GPP will likely continue to decline (Figures 6, 8; Norris et al., 2016; 
Madani et al., 2020). In contrast, primary productivity the Amazon is 
primarily moisture-limited, and reductions in cloud cover over recent 
decades have corresponded with declines in GPP (Figures 6, 8; Norris 
et al., 2016; Madani et al., 2020).

The ITCZ migrates north and south seasonally towards the 
warmer hemisphere, forming a “tropical rain belt”—a region that is 
home to 40% of the world’s population, and some of the most 
biodiverse ecosystems on earth (Denniston et al., 2016). In addition 
to a narrower, deeper ITCZ, there is strong evidence that its annual 
north–south migration path is both contracting and shifting (Zhou 
et  al., 2019; Mamalakis et  al., 2021). Recent contraction of the 
tropical rain belt has been attributed to enhanced equatorial and sea 
surface temperature warming in the deep tropics (Zhou et al., 2019). 
The direction of its shift varies longitudinally, with a northward shift 
occurring over the Indian Ocean and Africa, and a southward shift 
over the oceans surrounding South America (Mamalakis et  al., 
2021). Significant increases in GPP in India in recent decades 
(Figures  6B,C) have been associated with precipitation-driven 
increases in photosynthesis by crops, which make up the majority of 
the land area in the country (Verma et al., 2022). Rainfall during the 
Indian summer monsoon is also predicted to increase and become 
more variable with warming temperatures by CMIP6 models 
(Katzenberger et al., 2021). No significant shift in the ITCZ position 
over the Amazon has been projected by CMIP6 models, although 
significant shifts to the south are forecasted in the surrounding 
oceans (Mamalakis et al., 2021). However, deforestation and aerosols 
associated with forest fires have been shown to negatively impact 
regional cloud formation and precipitation (Wang et  al., 2009; 
Khanna et al., 2017; Liu et al., 2020; Staal et al., 2020; Xu et al., 2022). 
As described previously, forests are an important source of 
atmospheric moisture, and play an important role in the hydrological 
cycle. The tropics have experienced the greatest loss in forested area 
in the past century, primarily due to agricultural expansion and 
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cattle ranching (Hansen et  al., 2013), which has had severe, 
potentially irreversible, impacts on the hydrological cycle (Xu 
et al., 2022).

Rising cloud base height poses a special threat to tropical 
montane cloud forest ecosystems (e.g., Figure 5A). which depend on 
moisture inputs associated with low-level clouds to maintain plant 
water balance, especially during the winter dry season (Still et al., 
1999). Low clouds also reduce vulnerability to frost in these systems 
(Helmer et al., 2019). The relationship between cloud base height 
and species composition are well documented (Still et  al., 1999; 
Sklenář et al., 2008; Hulshof et al., 2020). In locations where clouds 
cover the tops of low mountains (i.e., where upward migration is 
impossible), montane forests will likely contract, due to drier 
conditions and competition from upward-shifting lowland species 
(Bruijnzeel et al., 2011; Taylor and Kumar, 2016). In regions with 
vegetation above the current cloud band, there may be opportunities 
for species to migrate. Under moderate CO2 emissions scenarios, 
neotropical tropical montane cloud forests are expected to contract 
and dry dramatically (57% decline in area) as early as 2040, with 70% 
of paramo being either dry or subject to tree invasion by 2040 as well 
(Helmer et al., 2019; Figure 5A). An increase in cloud-base height of 
250 m, predicted under 2°C warming, has also been estimated to 
reduce tropical cloud forest extent in N Kenya by 50–100% (Los 
et al., 2019), and some models anticipate that tropical cloud forest 
climates will disappear entirely by 2,100 (Williams et  al., 2007). 
However, Los et al. (2021) found evidence of lifting-cloud bases only 
in tropical montane cloud forests of the Americas and parts of 
Africa; cloud bases in tropical montane cloud forests in Asia, in 
contrast, declined during the same period, corresponding with 
regional increases in moisture.

4.2 Subtropics

As air masses high in the atmosphere move towards the poles, 
they cool and sink in the subtropical latitudes (~23.5 to 35° N/S). 
Climate in these regions is sunny and dry, due to subsidence (sinking, 
compressing, and heating of air masses), and it is at these latitudes that 
many of the earth’s deserts occur. Accordingly, most cloud types over 
land are relatively scarce around the 30° latitudes (Rossow and 
Schiffer, 1999; Sassen and Wang, 2008). Altostratus and altocumulus 
clouds have been reported as the dominant cloud type in Northern 
and Southern Hemisphere deserts, respectively (Li et  al., 2015), 
although discerning cloud types over deserts can be difficult due to 
the presence of airborne dust, which may be misidentified as clouds 
(Choi et al., 2010). Coastal deserts situated next to colder oceans in 
these regions often experience morning fog and low clouds on a daily 
basis (Warren et al., 2007), and many native plants depend on this fog 
as a moisture source (discussed in Section 3.2.4).

An abundance of evidence, including observations and 
simulations, indicates that the descending edge of Hadley cells (and 
associated subtropical arid conditions) are moving poleward in a 
process known as “Hadley cell expansion” or “tropical expansion” 
(Figure 8; Lu et al., 2007; Bender et al., 2012; Grise and Polvani, 
2016; Norris et al., 2016; Grise and Davis, 2020). A variety of factors, 
both natural and anthropogenic, contribute to tropical expansion, 
including increasing greenhouse gases and warmer sea surface 
temperatures (Tao et al., 2016; Rollings and Merlis, 2021), depletion 
of stratospheric ozone over Antarctica (Waugh et al., 2015), El-Niño 
Southern Oscillation (Amaya et  al., 2018), the Pacific Decadal 
Oscillations, and aerosols (Allen et  al., 2012, 2014). Recently, 
however, Yang et  al. (2020) demonstrated that the width of the 

FIGURE 8

Summary of predicted changes in large-scale air circulation patterns under global warming. Lighter arrows represent previous air circulation patterns, 
while solid arrows represent new patterns under climate warming. Positions of climate belts and corresponding biomes are approximate (note 
seasonal position of ITCZ in Figure 6A). Thin red and blue arrows represent warm and cool air, respectively. *Exceptions include regions with increasing 
moisture (Los et al., 2021). Image not drawn to scale.

https://doi.org/10.3389/ffgc.2024.1330561
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org


Hughes et al. 10.3389/ffgc.2024.1330561

Frontiers in Forests and Global Change 14 frontiersin.org

tropics closely tracks the movement of oceanic midlatitude 
meridional sea surface temperature gradient (MMTG), and 
concluded the poleward shift of the MMTG was the primary factor 
driving tropical expansion. Estimates of the rate of poleward 
tropical expansion range from 0.25°–3° latitude decade−1 (citations 
in Rollings and Merlis, 2021), with the Southern Hemisphere 
Hadley cell expanding more rapidly than the Northern (Tao 
et al., 2016).

Expansion of Hadley cells corresponds with a poleward shift of 
the subtropical subsidence zone, resulting in reduced clouds and more 
arid conditions at the poleward edges of the horse latitudes (Scheff and 
Frierson, 2012; Fu, 2015; Marvel et al., 2015; Liu et al., 2016; Norris 
et al., 2016) (Figure 8). Global arid and semiarid drylands across the 
globe have been expanding since the mid-twentieth century, and are 
expected to continue to expand under high greenhouse gas emissions 
scenarios (Feng and Fu, 2013). Reduced cloud cover would increase 
sunlight incidence and evaporation in plants and soils in these regions, 
possibly increasing photosynthesis in the short term, but increasing 
drought stress (and reducing carbon gain) in the long term (e.g., Hu 
et al., 2010). Plant communities at these latitudes could be expected to 
shift to favor more high-light, drought-adapted species.

Water stress associated with reductions in subtropical clouds may 
be offset somewhat by intensification of equatorial winds and tropical 
cyclones (hurricanes/typhoons), which are expected to intensify and 
move poleward under CO2-forced warming (Byun and Hamlet, 2018; 
Zhou et al., 2021). These winds and associated ocean currents transport 
heat and moisture poleward from the tropics, and are responsible for 
much of the cloud cover and precipitation on the eastern coasts of 
continents, as well as some western coasts (e.g., Western Europe) 
(Gimeno et al., 2012). Climate models are in agreement that CO2-
forced warming drives an intensification and poleward shift in tropical 
cyclones, although frequency trends vary by ocean basin (citations in 
Sobel et al., 2016; Vecchi et al., 2021), with storm frequencies decreasing 
in southern Indian and South Pacific Oceans, and increasing in the 
North Atlantic (Bhatia et al., 2019; Kossin et al., 2020; Murakami et al., 
2020). Forests too may offset reductions in clouds somewhat by 
promoting local cloud formation (e.g., Teuling et al., 2017), as may a 
heterogeneous landscape (Souza et al., 2000).

4.3 Midlatitudes

In the temperate midlatitudes (35° to 56°N and S), cyclonic 
storms fueled by westerly winds bring moist air from oceans onto 
land, accounting for over 70% of total precipitation in regions such as 
Europe and North America (Hawcroft et al., 2012). Middle clouds 
(altostratus and altocumulus) are widely distributed at these latitudes, 
while high clouds (cirrus, cumulonimbus) are more unevenly 
distributed, their appearance corresponding with factors that generate 
thunderstorms, e.g., orographic lifting, deep convection, and synoptic 
jet stream (Sassen, 2002; Sassen and Wang, 2008). Nimbostratus 
clouds are also more common in these latitudes than in the tropics 
(Sassen and Wang, 2008).

One robust prediction by climate models is a widespread 
reduction in clouds at midlatitudes, which can be at least partially 
attributed to a weakening equator-to-pole thermal gradient (Zelinka 
et al., 2012; Coumou et al., 2015; Norris et al., 2016). This translates 
into seasonally weaker westerly winds and storm tracks in the 

Northern Hemisphere, favoring the buildup of hot and dry 
conditions over continents during summer (O’Gorman, 2010; 
Barnes and Polvani, 2013; Coumou et al., 2015, 2018; Petrie et al., 
2015; Chang et  al., 2016). Declining cloud trends over land are 
driven primarily by reductions in middle to high clouds (Eastman 
and Warren, 2013). Increased surface irradiance owing to fewer 
clouds could potentially increase photosynthesis in PAR-limited 
species or systems where moisture is not limiting. However, with the 
exception of North American boreal forests, GPP in the temperate 
zone is more frequently moisture-limited than PAR-limited 
(Figure 7; Madani et al., 2020), and so ecosystem impacts of reduced 
clouds in the mid-latitudes are more likely to be negative. For 
example, weakening of mid-latitude summer storm tracks could 
further exacerbate drought and wildfires in water-limited regions 
such as western to central North America and the Mediterranean, 
impacting native systems as well as the agriculturally-important crop 
and pasture lands that sustain these regions (Ramankutty et  al., 
2008). Increased surface irradiance owing to fewer clouds could 
potentially increase photosynthesis in plants adapted to dry 
conditions and high PPFDs such as grasses and C4 crops (Figure 4). 
However, GPP tends to be limited by soil moisture and VPD in the 
temperate zone (Figure 7; Madani et al., 2020), and so ecosystem 
impacts are more likely to be negative.

There is also abundant evidence from decades of climate models 
that midlatitude storm tracks are shifting poleward, with the largest 
shifts occurring in the Southern Hemisphere (Figure 8; reviewed in 
Shaw, 2019). Poleward expansion of tropical cyclones, too, have 
already caused significant damage to boreal forests as far as 50°N 
(Korznikov et al., 2023). These latitudinal shifts have been linked to 
numerous complex thermodynamic mechanisms associated with 
human activity, including stratospheric ozone depletion over the 
Antarctic, and rising CO2 levels (e.g., poleward expansion of Hadley 
cells, increasing extratropical tropopause height, and changes in 
cloud radiative effects with the resulting upward shift of high clouds) 
(Lee and Feldstein, 2013; Mbengue and Schneider, 2018; Li et al., 
2019; Shaw, 2019). A shift in clouds and precipitation to more polar 
latitudes may reduce primary productivity in these ecosystems, which 
are already limited by low PAR (Figure  7; Boucher et  al., 2013; 
Madani et  al., 2020). However, if cloud cover is light, increased 
radiation sharing by the canopy, combined with cooler leaf 
temperatures and reduced respiration, could increase Net Ecosystem 
Productivity (NEP) relative to clear skies (Alton, 2008).

Rising cloud bases in the mid-latitudes have the potential to 
impact temperate montane cloud forest ecosystems. For example, 
refugial spruce-fir forests of the Appalachian mountains (Figure 5B) 
occur only on the highest peaks (i.e., above ~1,500 m elevation), and 
derive up to 31% of plant water from fog during morning cloud 
immersion (Berry et  al., 2014a). Because these populations have 
already reached the altitudinal limits imposed by topography, a lifting 
cloud base could potentially lead to extinction of this unique 
ecosystem and its many endemic species (Richardson et al., 2003).

Warmer temperatures over the last century have also had impacts 
on phenology of temperate deciduous species, including agriculturally 
important fruit and nut trees. Although the dynamics of phenological 
changes vary across space and time, leaf-out and flowering generally 
occur earlier in warmer years (Cleland et  al., 2007; Polgar and 
Primack, 2011). Accordingly, woody species in temperate regions 
across the world are advancing their timing of leaf-out at an estimated 
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two weeks earlier on average than in the 18th and 19th centuries 
(Vitasse et  al., 2022). An early bud break can increase a plant’s 
vulnerability to late season frost, resulting in significant losses to 
agricultural yield if flowers are severely damaged (as in Kunz and 
Blanke, 2022). Many temperate species, including fruit trees, also have 
minimum-chilling requirements, and rising night-time temperatures 
associated with global warming could impact dormancy and 
productivity of such species, especially on the equatorial ends of their 
ranges (reviewed in Salama et al., 2021). Rising nighttime temperatures 
could also benefit invasive plant species with lower chilling 
requirements, giving them a head-start over native species with higher 
chilling requirements (Polgar et al., 2014). A reduction in clouds may 
offset these and other processes impacted by rising nighttime 
temperatures to some degree, as more longwave energy is allowed to 
escape into the atmosphere (Section 3.3).

Warmer temperatures owing to fewer daytime clouds can also 
impact the timing of autumn leaf senescence. However, these effects 
are more complex than those driving spring leaf-out, since drought 
and nutrient status also play a role (Estiarte and Peñuelas, 2015; 
Seyednasrollah et al., 2020; Wang et al., 2022). It has been estimated 
that fall/senescence in autumn is now delayed 1–2.4 days decade−1 
corresponding with rising temperatures (citations in Estiarte and 
Peñuelas, 2015). However, a recent study suggests that early-late 
summer asymmetry in warming can yield opposing effects on the 
timing of senescence, with warmer pre-solstice temperatures 
accelerating senescence (by 1.9 ± 0.1 days per °C), and warmer post-
solstice temperatures delaying it (2.6 ± 0.1 days per °C; Zohner et al., 
2023). A longer growing season could potentially result in greater 
carbon uptake, but could also potentially promote drought stress (Hu 
et al., 2010). Drought stress, especially during autumn, has also been 
shown to advance leaf senescence (Chen et al., 2020; Seyednasrollah 
et al., 2020), as has N deficiency, which often accompanies drought 
(Rouphael et al., 2012; Wang et al., 2022).

Finally, some researchers have argued that a weaker equatorial-
pole thermal gradient could weaken and destabilize the polar jet 
streams, increasing the likelihood of extreme cold snaps during winter 
in midlatitudes as the polar vortex meanders into temperate latitudes 
(e.g., Kim et al., 2014). However, this hypothesis was based largely on 
observational data following a run of historically cold winters for 
North America and Europe, and has not been supported by the most 
recent models (Blackport and Screen, 2020).

4.4 Polar latitudes

In general, cloud height decreases towards the poles, as dew point 
temperatures can be achieved at lower altitudes. There is also marked 
increase in optical thickness of clouds from 60° poleward (Rossow and 
Schiffer, 1999), as well as a scarcity of high clouds (cumulonimbus and 
cirrus; Sassen and Wang, 2008). Precipitation in polar latitudes is most 
commonly associated with nimbostratus clouds.

It is well-known that temperatures at the poles are increasing 
more rapidly than the lower latitudes (more than 3x faster than the 
global average since 1979 according to Rantanen et al., 2022). This 
process, termed “Arctic amplification,” has traditionally been 
attributed primarily to albedo feedback effects, which occur when 
melting sea ice exposes darker water beneath (Screen and Simmonds, 
2010a; Serreze and Barry, 2011). However, increased poleward heat 
transport, intraseasonal cycling of heat, and changing clouds also 

contribute (citations in Boeke and Taylor, 2018; Yamanouchi and 
Takata, 2020). With rising temperatures, cold-temperature limitations 
to GPP in the polar latitudes have been loosening, resulting in longer 
growing seasons and enhanced productivity—a process termed 
“Arctic greenification” (Figures 6C, 8; Madani et al., 2020).

Arctic plant species differ widely in their response to changes in 
climate and nutrient availability (e.g., Chapin and Shaver, 1985; 
citations in Dormann and Woodin, 2002). A meta-analysis of field 
experiments examining the response of various Arctic plant 
functional groups to environmental manipulation found few 
consistent trends, although shrubs appeared positively impacted by 
warming (Dormann and Woodin, 2002), consistent with reports of 
“Arctic shrubification” (Mekonnen et al., 2021; although see Kremers 
et  al., 2015). Tundra grasses also tend to thrive under both 
fertilization and elevated temperature treatments, while forbs show 
little to no response to warming or nutrient addition (Dormann and 
Woodin, 2002; Kremers et al., 2015). Warming and human activity 
have also facilitated species invasions, thus competition with 
non-native plants is another challenge for formerly-isolated, high-
latitude native species (Rew et  al., 2020). Boreal forests too are 
advancing poleward, facilitated by warmer temperatures, deeper 
snowpack, increased soil nutrient availability, and stronger winds 
that can facilitate long-distance seed dispersal (e.g., Dial et  al., 
2022). At their southern boundaries, however, rising temperatures 
threaten the growth of young conifers (Reich et al., 2022), while 
adult trees are vulnerable to fire, logging, and disease (Hansen 
et al., 2013).

In addition to rising temperatures, Arctic cloud amount is also 
increasing, due to greater poleward heat transport combined with 
mid-latitude moisture intrusions and greater evaporation from 
warming oceans (Sejas et al., 2014; Kim et al., 2016). However, the 
radiative effects of Arctic clouds differ in sign according to the season. 
During the summer, increased cloud albedo results in a net cooling 
effect on the Earth’s surface, while during late fall and winter, the 
trapping of longwave radiation emitted by the Earth and its warming 
oceans, combined with low incoming radiation associated with the 
winter season, result in a net warming effect (Boeke and Taylor, 2018; 
Yamanouchi and Takata, 2020). Accordingly, Arctic amplification is 
greatest during late fall and early winter, as well closer to the Earth’s 
surface (Screen and Simmonds, 2010a,b).

Because low PAR in another factor significantly limiting GPP at 
high latitudes (Figure 7; Dormann and Woodin, 2002; Madani et al., 
2020), an increase in low, stratospheric clouds would moderately to 
dramatically reduce downwelling SW irradiance, resulting in lower 
PAR, cooler leaf temperatures, and other downstream effects 
(Figure 1). As in other systems, impacts of reduced downwelling PAR 
on plant carbon gain vary according to plant species and functional 
type, although reductions tend to be greatest in those with high light 
saturation points (Figure 4). For example, Chapin and Shaver (1985) 
demonstrated a reduction in growth under ~50% PPFDs for canopy 
but not understory species in arctic tussock and wet meadow tundra 
communities during summer. Forbs tend to be negatively impacted 
by reductions in PAR (Dormann and Woodin, 2002), and increasing 
clouds combined with greater competition for sunlight with 
encroaching shrubs and taller grasses could pose a challenge for this 
functional group. Productivity in boreal forest also declines 
significantly under >70% cloudy skies (Fan et al., 1995; Alton, 2008), 
while alpine shrublands appear relatively insensitive to increases in 
cloud cover (Letts et al., 2005; Alton et al., 2007). Lower incoming 
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surface irradiance would also increase soil moisture and reduce 
evaporation, although this is unlikely to benefit plants since soil 
moisture is not a significant factor limiting GPP at high latitudes (the 
two are, rather, inversely correlated; Figure 7).

While diffuse light fertilization associated with an increase in 
clouds may offset losses in GPP somewhat in high LAI systems like 
the boreal forest, low LAI ecosystems such as the tundra appear to 
benefit the least (Section 3.2.2; Alton, 2008). Increased light 
penetration into tundra and boreal canopies under light cloud cover 
increases photosynthesis for understory plants in normally light-
limited microsites (Young and Smith, 1983), although again, these 
trends may reverse under heavier cloud cover (Fan et al., 1995).

5 Conclusion

Given the changes in global clouds that are currently underway, it is 
critical to understand how plants have adapted to their native cloud 
regimes. In this review we  aimed to provide a basic framework for 
beginning to interconnect the complex relationships between plants, 
clouds, and climate change. The continued study of plant-cloud 
interactions, especially for native plants but also for agricultural plants 
and invasive species, is strongly encouraged. It is also recommended that 
future plant ecophysiological studies record the specific type (s) of cloud 
present during measurement, rather than simply “cloudy” conditions. 
Continuous measurements of direct and diffuse PPFDs under different 
cloud regimes are also needed, both inside and outside the canopy. The 
impacts of nighttime compared to daytime clouds is another 
understudied area with potentially important ecophysiological impacts 
on plants, beyond the important temperature effects that dictate length 
of the growing season. Finally, measurements of cloud effects on plant 
water potentials are also lacking, especially for grasses and deciduous 
trees, and many tropical ecosystems.
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Glossary

Pc cloud top pressure

CMIP Coupled Model Intercomparison Project

E evapotranspiration

GPP gross primary productivity

WUE, calculated as A/E instantaneous water use efficiency

ITCZ intertropical convergence zone

LAI leaf area index

TLeaf leaf temperature

LSP light saturation point

LUE light use efficiency

Fv’/Fm′ maximum quantum yield efficiency of PSII in the light-adapted state

MMTG midlatitude meridional temperature gradient

NEP net ecosystem productivity

NPQ non-photochemical quenching

A photosynthesis

PAR photosynthetically active radiation

PPFD photosynthetic photon flux density

PSII photosystem II

ΦPSII quantum yield efficiency of PSII in the light-adapted state

gs stomatal conductance

VPD vapor pressure deficit
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