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1  

 Introduction 
 

 
 

1.1 Motivation 
Weather plays an essential role in our lives. It can have a profound impact on our 

daily life, by means of precipitation or temperature anomalies, though its societal impact 
is often correlated with the population’s wealth. The scientific community is aligned as 
regards that our daily weather is changing, with increasing global temperatures and 
anomalous precipitation patterns. However, how fast and how much this change will be, 
is unclear. Over the last decades, enormous progress has been made to predict the 
progression of the atmosphere more accurately, with significant help from satellite 
observations (Bauer et al., 2015). As these satellites gathered observational data from 
today’s atmosphere and phenology, they did not directly improve our understanding 
of how this atmosphere will progress. In other words, satellite data greatly improved the 
accuracy of the model initialization, but only slightly improved model physics.  

Around the world, many scientific groups are actively working to improve the models 
used for weather and climate prediction. Some groups focus on the understanding of 
fundamental processes, while others translate that understanding into equations to be 
used in the weather and global climate models. Although great progress is occurring 
on that end, with for instance the recent ocean-atmosphere coupling in the European 
weather prediction model ECMWF, numerical weather prediction (NWP) and global 
climate models (GCM) are still constrained by the computer resources at hand. With 
current supercomputers, NWP models and GCMs reach horizontal model resolutions of 
around 12 km and 50 km, respectively. This means that processes occurring on spatial 
scales smaller than the model resolution cannot be resolved and need to be 
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approximated through equations (i.e. they need to be parameterized), with 
uncertainties as a consequence (see e.g., Cox et al., 2013). This uncertainty affects the 
forecast on multiple scales, for instance, on short scales we cannot accurately model the 
location of an afternoon thunderstorm, while problems arise on the interaction between 
the vegetation and atmosphere. This has a profound impact on the sub-weekly land-
atmosphere interactions that affects the forecast’s progression. Even in GCMs, 
uncertainties of small scale processes affect long-term climate projections. Recent 
research shows that surface controlled boundary layer clouds explain more than half of 
the temperature variance for the year ~2100 (Boucher et al., 2013; Stevens & Bony, 
2013). The likely mechanism behind this process is occurring on small spatiotemporal 
scales, involving local plant transpiration, turbulent moisture and heat transport and 
cloud development. Since this latter determines the Earth’s albedo by shortwave 
radiative cloud reflection and scattering, small errors in these processes affect the 
accuracy of these models such that large uncertainties arise. 

In this thesis, we deal with the fundamental understanding of the daily feedback 
mechanisms that occur on small spatiotemporal scales and which influence the 
atmospheric state and subsequent boundary-layer cloud development. Our focus will 
be on the negative (balancing) feedbacks between plant physiological processes and 
cloud shading over land, which process determines atmospheric turbulence and was 
found to cause dynamic and heterogenetic surface patterns to arise. Our methodology 
focuses on low vegetation and is based on first principles by utilizing a state-of-the-art 
high-resolution model, which is able to simulate the full spectrum of moist convection; 
from plant physiology, atmospheric turbulence to cloud development. 

 
1.2 Atmospheric feedbacks and their impact on the modelled future atmosphere  

Understanding feedback mechanisms is essential to be able to accurately predict the 
future atmosphere. Feedbacks are present at all spatiotemporal scales and can both 
amplify or diminish the effects of an external forcing (e.g. solar irradiance) (Soden et al., 
2008). An illustration of the relevance of a feedback is shown in the distribution of solar 
energy: from a global mean perspective, the Earth is close to radiative equilibrium, 
meaning that the shortwave radiation received from the sun is nearly balanced by the 
longwave radiation emitted from the Earth. However, the incoming radiation is unevenly 
distributed, causing large-scale atmospheric circulations to arise between the tropical 
and polar regions. By redistributing heat, those circulations tend to diminish the effects 
of the unevenly distributed solar energy by reducing spatial gradients in temperature.  

Feedbacks and interactions occur on a wide range in spatiotemporal scales, but it is 
their overall interconnectivity that determines their efficiency to equilibrate, or 
destabilize, an external forcing. For instance, in-canopy plant-atmosphere interactions 
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occur on spatiotemporal scales of meters and seconds, while on the longer term (days 
to weeks) they can destabilize the atmospheric system. For instance, during the 
European summer of 2003, a destabilization of the atmospheric system caused severe 
droughts and extreme temperatures (Seneviratne et al., 2006). Related to atmospheric 
continental blocking events, soil moisture levels reduced caused by plant transpiration. 
As a consequence, more solar energy was converted into sensible heat, meaning rising 
canopy and air temperatures. Note that this process was a positive feedback, that forced 
the atmosphere into a new base state. 

Although a negative feedback is not a physical phenomenon, but rather a 
consequence from interconnected physical processes, it determines the overall 
efficiency with which the Earth’s system moves towards equilibrium. As such, feedbacks 
comprise integrated quantities of, for instance, key state variables as moisture, 
temperature or momentum, that entail small scale non-linear responses to external 
perturbations. To predict the evolution and impact of atmospheric feedbacks in NWPs 
and GCMs, small-scale interconnected processes need to be simplified and 
parameterized. Especially processes that are physically smaller than twice the finer NWP 
model resolution (~12 km; i.e., “grey zone”) —such as cloud development and 
vegetation-atmosphere interactions— cannot be resolved explicitly and need to be 
represented by parameterizations. This entails all processes smaller than approximately 
12 x 12 km for NWP and 50 x 50 km for GCM. Since those parameterizations coarsely 
represent the physical processes and the global models use different modelling 
approaches, extrapolation of these processes will cause misrepresentations to amplify 
(Berner et al., 2012), resulting in increased inter-model spread. Examples are present in 
the perturbed NWP ensemble forecast (i.e. ‘plume’) or in the climate projections. 

Especially processes and their feedbacks related to short-lived continental cumulus 
cloud development (i.e. shortwave radiative effects) have shown to cause a wide inter-
model spread regarding climate sensitivities. This process is thought to explain up to 
half of the variance in equilibrium climate sensitivity (Sherwood et al., 2014), which is 
the expected increase in temperature when CO2 concentration doubles. Main 
uncertainties arise due to disturbances in shortwave radiation by these clouds. Since 
this directly impacts the surface energy fluxes, this process controls the development 
and stability of the atmosphere, the transport of moisture and heat and thus influences 
the large-scale circulations patterns. Understanding the non-linear processes that drive 
cumulus convection is thus one of the current major challenges in NWP and GCM 
modelling (Bony et al., 2015). Since large-scale atmospheric models do not represent 
the actual physics involving cumulus cloud development, fundamental research is 
needed to understand the interactions and feedbacks across spatial and temporal 
scales. 
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1.3 Radiative forcing on diurnal land-atmosphere feedbacks 
At the surface, absorbed solar irradiance is converted into soil heat fluxes and 

turbulent energy fluxes. This partitioning of the radiative flux into an energy flux 
depends on the soil and vegetation conditions. Over land, a minor part of the incoming 
energy is transferred into the soil, while the major part of the incoming energy is 
redistributed into temperature (sensible heat) and moisture (latent heat) fluxes, whose 
distribution is constrained by the soil moisture state and plant transpiration. Over 
vegetated surfaces, plants respond to their environment and vice versa. Plant leaf area 
and physiology play a crucial role in this response, as it determines the surface 
roughness, interception rate of radiation and the in-canopy vertical exchange of 
momentum, heat, moisture and CO2. Plants extract carbon dioxide (CO2) from the 
atmosphere and convert this into chemical energy for internal use (i.e. photosynthesis). 
The uptake of CO2 takes place through small openings —stomata— in the leaf and stems. 
Stomatal aperture is partly determined by the demand for CO2 from the photosynthetic 
process which in turn also requires light as a source of energy. Thus, stomata will open 
more when there is much light and close more when there is less. Depending on the 
stomatal aperture, temperature and atmospheric humidity levels, a certain amount of 
water is released through these plant pores (i.e. transpiration) (Lambers et al., 2008). As 
plant transpiration is driven by both stomatal aperture responses to solar radiation as 
well as the soil and atmospheric state variables (e.g. temperature, moisture availability 
and deficit), the plant-atmosphere interaction is highly non-linear. Furthermore, since 
plant stomata mechanistically adapt to internal, atmospheric and radiative 
perturbations, a lagged response is observed, which mechanist response is asymmetric 
and species dependent (Vico et al., 2011). Furthermore, plants generally close their 
stomata faster than they open. This is believed to be a water saving strategy ensuring 
that stomata do not remain too open for too long when light availability and demand 
for CO2 is low (e.g., Vico et al., 2011). 

Under daytime conditions, the solar energy re-enters the atmosphere through the 
latent and sensible heat fluxes, which drives turbulent convection that cause the lower 
atmosphere to mix. This well-mixed layer overlaying the surface is called the 
atmospheric boundary layer (ABL), which is topped by a temperature inversion (Stull, 
1988; Garratt, 1992). Under clear sky conditions (i.e. no clouds), high photosynthetic 
levels —thus transpiration— are maintained, leading to high sensible and latent heat 
fluxes that cause a strong land-atmosphere coupling (provided of course that there is 
enough water in the soil to support this transpiration). When surface temperatures and 
moisture levels are higher compared to the overlying atmosphere, the near surface 
density is lower compared to their surroundings. As a consequence of the decreased 
density, vertically rising motions (i.e., thermals) arise that contain high levels of humidity 
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and heat. These rising motions are more intense and reach deeper levels when the 
temperature strongly differs with the surroundings, meaning buoyancy levels are high. 
Depending on its strength (i.e., momentum), the thermals might be able to overcome 
the ABL inversion and reach the cloud layer. In the cloud layer, the absolute temperate 
quickly lowers, causing water to condensate. Atmospheric boundary layer cumulus 
clouds thus embody the top of moist thermals and represent the highways of 
atmospheric moisture transport from the surface into the cloud layer (Figure 1.1). In this 
capacity, they make a substantial contribution to the hydrological balance and Earth’s 
energy balance through albedo effects, of which the latter cause the wide range in inter-
model spread of current climate models (Sherwood et al., 2014). 

With cumulus clouds developing, it can be stated that the plant-atmosphere-cloud 
system is coupled, since changes on plant transpiration will directly impact cumulus 
development through atmospheric thermals (Fig. 1.1). When cumulus clouds grow, they 
interfere with the solar radiation directed towards the surface. Part of the radiation is 
reflected back into space (i.e., albedo effect), while the major part enters the cloud and 
is scattered by cloud droplets. As a consequence, the diffuse component of radiation 
(i.e., the part that is scattered) strongly increases, while the direct component (i.e., 
uninhibited solar beams) of radiation decreases. This process is dependent on cloud 
thickness; with thin clouds overhead, the reduction in global radiation is relatively minor 
—with a high diffuse-direct ratio—, while thick clouds cause a vast reduction in both 
components of radiation. Since the diffuse component of radiation penetrates more 
efficiently into the canopy compared to the direct component of radiation, distinct plant 
responses occur (Freedman et al., 2001; Pedruzo-Bagazgoitia et al., 2017). As explained 
in detail in Chapter 2, this has consequences for the surface energy balance where thin 
clouds could enhance the latent heat flux —thereby likely having a positive feedback on 
cloud development—, while thick clouds always initiate a negative feedback on cumulus 
growth (Fig. 1.1). In this thesis, this is called dynamic heterogeneity, which contrasts with 
static heterogeneity. In short, dynamic surface heterogeneity is local and short-lived 
caused by atmospheric driven perturbations, while static heterogeneity covers a 
spatially larger area and is controlled by the vegetation type and state. Since dynamic 
heterogeneity, other than static heterogeneity, is spatially smaller than the large-scale 
model resolution, it has not been taken into account in the current numerical weather 
prediction and climate models.
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1.4 Anthropogenic forcing on the diurnal land-atmosphere feedbacks: towards a 
bottom up approach 

The human induced exponential increase in atmospheric CO2 concentration ([CO2]) 
has strong consequences for the land-atmosphere interactions, as the elevation in 
[CO2] acts as an additional forcing (Ciais et al., 2013). The increased amount of CO2 
molecules affects the atmospheric radiation profile in multiple ways, while it also 
influences the plant physiological state and subsequent feedback to the atmosphere. 
Focusing at the leaf level, the elevation in atmospheric [CO2] increases the difference 
in partial pressure between the plant intercellular and atmospheric levels. Resulting 
from this, the plant stomatal aperture narrows causing leaf temperatures to rise due to 
reduced transpirational cooling. This has direct consequences on the surface energy 
fluxes, as sensible heat fluxes increase at the costs of the latent heat fluxes. 
Consequently, ABL feedbacks are altered that have a profound impact on the 
hydrological cycle and radiation balance at the daily scales (Vilà-Guerau de Arellano et 
al., 2012).  

These interactions do not behave similarly over the globe, as was found during a 
Free-Air CO2 Enrichment (FACE) experiment. In a FACE experiment, CO2 is fumigated 
over a crop or canopy and the response of this canopy to elevated [CO2] is monitored 
(e.g., Nakamura et al., 2012). Data from this experiment is shown in Figure 1.2. Here, 
the turbulent energy fluxes over an irrigated rice paddy are shown. A clear distinction 
in the latent heat fluxes is visible between clear and cloudy skies, though minimal effects 

Figure 1.2 Aggregated observations of the sensible (H) and latent heat (LE) turbulent 
energy fluxes over an irrigated rice paddy are shown for clear and cloudy skies in ambient 
and elevated CO2 situations during daylight conditions (i.e., ~6 am till ~6 pm local time). 
The data is taken from a Free-Air CO2 Enrichment (FACE) campaign during the Japanese 
summer of 2015. The campaign, measurement specifics and methodology are described 
in Chapter 4. In blue, natural CO2 conditions are shown, while red visualizes an elevated 
CO2 environment. At the bottom, both median and mean values are presented. 
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are found in the case of enriched CO2 conditions. The reason was an enhanced 
evaporative flux of surface water from the flooded rice paddies, which compensated 
for the decrease in plant transpiration. Furthermore, the direction (amplitude) in 
sensible heat fluxes becomes negative (small) due to a sea-breeze initiated warm air 
advection. Although the rice plants responded as expected as regards to stomatal 
closing and increased canopy temperatures, the response in surface fluxes was distinct. 
This shows the importance of a fundamental understanding of the non-linear 
vegetation-atmosphere interactions, in order to be able to extrapolate these 
mechanisms to future land-atmospheres interactions. For further details, the reader is 
referred to Chapter 4. 

 The uncertainty related to future feedback mechanisms is an additional cause of 
inter-model spread. Our current knowledge and understanding of current feedbacks is 
insufficient to be used to extrapolate for future scenarios. The main issue is the 
upscaling of results as well as the non-linearity of processes, which causes small errors 
to grow rapidly when extrapolated due to the chaotic behavior of the atmosphere. 
However, these extrapolated results, or climate projections, provides the benchmark 
with which climate scenarios are developed. This approach is questionable, since these 
scenarios only include the currently known feedback mechanisms, and do not capture 
the change in non-linear interactions that control these feedbacks. For example, using 
this benchmark to predict future crop yields will cause misrepresentations, or large 
uncertainties, and results have to be adjusted regularly when knowledge advances (see 
e.g., Wang et al., 2017). This top-down approach, with which future expectations are 
determined by focusing on the atmospheric forcings, yields large-uncertainties and 
does not provide the full spectrum of possibilities. In this thesis, a bottom-up approach 
is used, in which focus is laid on the small spatiotemporal scales that determine and 
control the strength of interactions that eventually affect larger-scale feedback 
mechanisms. Although this approach also entails uncertainties, it is more systematic 
and enhances our fundamental understanding more than a top-down approach would. 
 
1.5 Brief overview of past research 

 
1.5.1 Current understanding of cumulus development over vegetated surface 

Although ideas on the influence of vegetation on cumulus development were 
already discussed in the early 20th century (Mon., 1907), it took until the mid-80’s 
before it was observationally shown that cumulus development is related to processes 
occurring in the atmospheric boundary layer (ABL) (LeMone & Pennell, 1976). Shortly 
after, investigations were focusing on the role of static heterogeneity (i.e., spatially fixed 
heterogeneity) in vegetation type on triggering large-scale convective patterns related 
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to precipitation (Anthes, 1984; Garratt, 1992) and parameterizations were developed 
(Avissar & Pielke, 1989). In the early 90’s, Avissar & Pielke (1991) linked plant stomatal 
processes to variations in sensible and latent heat fluxes and demonstrated that the 
incorporation of stomatal mechanisms —as well as sub-grid processes— are required to 
improve the simulated land-atmosphere interactions (Fig. 1.1). Utilizing satellite data, 
the strong interaction between vegetation cover and local cloud development became 
apparent in the years that followed (Rabin et al., 1990; Carleton et al., 1994). Following 
from their findings, progress was made on the modelling aspect, although focus on the 
larger scales was maintained (e.g., Chen & Avissar, 1994; Hong et al., 1995; Jacobs & 
de Bruin, 1997; Freedman et al., 2001). 

Nearly one century later than the question raised by the anonymous writer (Mon., 
1907), the computational power and scientific understanding allowed for three-
dimensional studies on the vegetation-cloud interaction utilizing the large-eddy 
simulation (LES) technique. As the LES technique is based on first principles, more 
accurate simulations were possible that enhanced the understanding. The early LES 
investigations focused on the effects of surface boundary conditions, as for instance the 
leaf-area index (i.e., the amount of leaf area per unit soil area; e.g., Albertson et al., 
(2001)) or soil moisture content (e.g., Golaz et al., 2001). It was Schumann et al. (2002) 
who first simulated the effects of local cumulus cloud shading on the surface, with 
subsequent effects on the latent and sensible heat fluxes. However, their focus was only 
on the radiative aspect of cumulus shading, while the vegetative aspects were not taken 
into account. As a next step, Jiang & Feingold (2006) coupled the LES to an interactive 
land-surface submodel (LSM) and found that changes in cloud optical properties 
caused spatial effects on the surface energy fluxes. It was only recently that the 
computational capabilities allow for dynamic simulations between interactive 
vegetation and cumulus cloud development. Nearly simultaneously, both Lohou & 
Patton (2014) and Vilà-Guerau de Arellano et al. (2014) shared their findings on the 
effects of local cumulus shading on an interactive surface that caused subsequent local 
effects on the ABL, which hampered cumulus development. With the addition of 
instantaneous stomatal mechanistic responses (see Jacobs & de Bruin, 1997), Vilà-
Guerau de Arellano et al. (2014) opened the path to investigate vegetation behavior 
and the occurrence of dynamic surface heterogeneity in the energy fluxes that were 
found to have an effect on cumulus behavior.  

To deepen our understanding on the processes occurring in the layer between the 
surface and cumulus, Horn et al. (2015) investigated the length scales related to 
updrafts and cumulus population. With these advancements on quantifying the plant-
cumulus interaction as well as increased computational capabilities, more complex 
radiative aspects were investigated. More specifically, the effects of solar zenith angles 
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on the onset of secondary circulations (spatial scale ~10 kilometers; Gronemeier et al., 
2017), the role of three-dimensional radiative transfer on the organization of cumulus 
convection and cloud street formation (Jakub & Mayer, 2017), as well as in-cloud 
radiative scattering effects on the partitioning in direct and diffuse radiation (Pedruzo-
Bagazgoitia et al., 2017). The latest publication to date regarding land-cloud 
interactions over realistic land surfaces showed that cloud shading-induced dynamic 
surface heterogeneities can have a larger impact on cumulus development than static 
heterogeneity (Xiao et al., 2018).  

In this thesis, we extend on the research by investigating detailed plant-atmosphere-
cloud responses for a wide range of wind conditions (i.e. cloud population clustering), 
as well as the influence of increased carbon dioxide (CO2) levels and air temperatures, 
on the plant-atmosphere-cloud interaction. By doing so, this thesis adds to the 
fundamental understanding of vegetation-atmosphere-cloud interactions at the sub-
kilometer and sub-daily scales and contributes to the fundamental knowledge needed 
to increase model accuracy and reduce the inter-model spread. 

 
1.5.2 Anthropogenic effects on land-atmosphere interactions 

The rising levels in carbon dioxide (CO2) profoundly impact the land-atmosphere 
interactions. As a primary atmospheric greenhouse gas, it affects the radiative forcing 
and subsequently the Earth’s temperature (Ciais et al., 2013). In the 2000 years prior to 
the industrial revolution, the concentrations of greenhouse gases were relatively stable 
and mainly controlled by natural processes. Since the 18th century, this balance has 
been drastically affected by human activity, such as fossil fuel emissions, land-use 
change and consumption (e.g., Le Quéré et al., 2009; Pielke et al., 2016). As a 
consequence, an exponential increase in [CO2] is observed (Ciais et al., 2013), which is 
likely to be maintained in the coming years. As it is unequivocal that human behavior 
strongly affects the increase in atmospheric CO2, scientists try to understand and 
predict the consequences and impact of future CO2 concentrations on our 
environment. 

The first investigation of elevated CO2 levels on plant growth was performed by de 
Saussure (1804). In the two centuries that followed, much research has focused on the 
physiological effects of increasing levels of CO2 for numerous species using controlled 
environments (i.e. greenhouses and climate chambers), which are summarized by 
Kimball (1983). With the establishment of the Intergovernmental Panel on Climate 
Change (IPCC) in 1988, awareness was raised on the global effects of increased levels 
of CO2 on the surface and radiative forcing. During the same period, FACE facilities 
were developed to assess the effects of increased [CO2] on plant communities (Nagy 
et al., 1994), which technique had the advantage that plants could grow in natural (i.e., 
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outside) conditions. A few years later, a modelling study of de Bruin & Jacobs (1993) 
showed the effects of CO2 enrichment on regional evapotranspiration. They 
recommended to accurately model land-atmosphere feedbacks in order to properly 
capture their forcing on the climate, although simulation experiments from Field et al. 
(1995) showed small effects globally. In the years that followed till the time of writing, 
articles published as regards to climate change research in relation to the surface 
energy balance increased tenfold. 

Since the start of this century, science has advanced considerably as did the 
increased focus on land-atmosphere research. With the increasing global temperatures 
and extreme weather events (e.g., Seneviratne et al., 2010), focus on extreme heat 
waves in relation to land-atmosphere couplings has increased (Fischer et al., 2007; 
Miralles et al., 2014; Seneviratne et al., 2006). However, until this date, only one study 
focused on the effects of elevated CO2 in relation to boundary layer cloud development 
(Vilà-Guerau de Arellano et al., 2012). In this thesis, we extend on current research by 
means of combining results from detailed microclimate measurements in elevated CO2 
environments with atmospheric high-resolution modelling, which allows us to 
fundamentally understand how the plant-atmosphere-cloud interaction might be 
affected in a changing climate.  
 
1.6 Aims and content 

In this thesis, detailed micro-climate and boundary-layer observations are combined 
with high-resolution land-atmosphere simulations. With the current technical 
incapability to measure the whole spectrum of interactions related to the plant-
atmosphere-cloud system, we make use of the Large-Eddy Simulation (LES) technique 
to predict the impact of vegetation-atmosphere interactions on regional scales. Our 
Dutch Atmospheric LES model, which in this thesis has been initialized with 
observations from Western Europe, gives us a unique tool to systematically study the 
interactions and feedbacks occurring between the vegetated surface and the 
atmospheric boundary layer. By utilizing results from a FACE experiment, we took our 
analysis one step further and investigated a virtual future (year 2050) atmosphere in 
order to understand the non-linearities in the plant-atmosphere-cloud system. 

To fundamentally understand the non-linear responses and interactions occurring 
over a wide range in spatiotemporal scales and to be able to perform a bottom-up 
approach, rather than a top-down approach, widely-used plant-atmosphere models, as 
for instance Soil-Vegetation-Atmosphere Transfer (SVAT) models, do not provide 
sufficient detail and resolution needed for the objectives of this thesis. The LES 
technique has the advantage to explicitly represent atmospheric dynamics and land-
atmosphere interactions in three dimensions at very high resolution over time (Fig. 1.1). 
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By doing so, it is possible to perform sensitivity analysis on plant responses and 
determine their influence on the atmosphere and subsequent cloud development, 
which is our first objective and presented in Chapter 2. Furthermore, by analyzing 
cumulus development in different wind regimes, we were able to investigate the 
strength of the plant-atmosphere-cloud coupling and determine their significance by 
means of plant-cloud coupling. Results of this study are presented from a plant 
perspective in Chapter 2 and from a cloud perspective in Chapter 3. In Chapter 2, we 
identified streak-wise patterns in the (initially homogeneous) vegetated surface that 
caused dynamic and regional heterogeneity, thereby influencing the cloud distribution. 
Our work in Chapter 3 brought attention to two short-lived (15-30 minutes) plant-cloud 
coupling regimes, which were related to the distribution in cloud population (e.g. cloud 
streets). This showed that plant responses caused spatial dynamic surface 
heterogeneities in the energy fluxes that couple with the atmospheric flow and 
subsequent development of cumulus clouds. As a result, the moisture transport from 
the ABL to mid-troposphere was strongly affected, which yields an important message 
to the global modelling community on the need to treat the vegetation-atmosphere in 
a coupled way. 

The second objective of this thesis is to understand how the plant-atmosphere-cloud 
coupling is affected by increasing concentrations of CO2 and temperature. This 
objective is aimed to get insight in future albedo and radiative effects that cause the 
wide inter-model spread. Before simulating future climates, we first quantified the effect 
of increasing CO2 concentrations on the plant-atmosphere response, using the FACE 
facilities. In the FACE setup, two distinct rice varieties were grown that strongly differed 
in physiology as well as architecture, and found that strong effects on the plant-
atmosphere interaction occurred caused by plant architecture. Furthermore, the effect 
of plant responses to atmospheric perturbations is investigated as well, with special 
focus on intermittent radiative conditions caused by perturbations from cumulus 
clouds. This work is presented in Chapter 4. With the findings from Chapters 2-4, we 
simulated future atmospheres by designing numerical experiments that integrate our 
previous findings in Chapter 5. Here, we investigated how feedback mechanisms might 
be altered in the year 2050, and what consequences this might have for the plant-
atmosphere-cloud interactions with subsequent consequences on the Earth’s radiation 
balance. 

Chapter 6 summarizes our main conclusions and puts our findings in perspective in 
a general discussion. It gives as well an outline on the implications of this thesis for 
future research on the topic and ends with an outlook for future research. 
 



This chapter has been published as Sikma et al. (2017) in Agricultural and Forest Meteorology 
 

 
  

Interactions between vegetation, atmospheric 
turbulence and clouds under a wide range of 

background wind conditions 
 
 
The effects of plant responses to Cumulus (Cu) cloud shading are studied from free 

convective to shear-driven boundary-layer conditions. By using a Large-Eddy Simulation 
(LES) coupled to a plant physiology embedded land-surface submodel, we study the 
vegetation-cloud feedbacks for a wide range (44) of atmospheric and plant stomatal 
conditions. The stomatal relaxation time is prescribed as an instantaneous, symmetrical (10, 
15 and 20 minutes) and asymmetrical (5 min closing, 10 min opening) response, and the 
background wind ranges from 0 to 20 m s-1. We show that in free convective, non-shading 
(i.e., transparent) cloud conditions the near-surface updraft region is marked by an enhanced 
CO2 assimilation rate (An; 7%) and increased latent (LE; 9%) and sensible heat (H; 19%) 
fluxes. When we introduce Cu shading, we find an enhancement in plant transpiration and 
CO2 assimilation rates under optically thin clouds due to an increase in diffuse radiation. 
However, these effects vanish when a background wind is present and the Cu are advected. 
Optically thick clouds reduce the assimilation rate and surface fluxes under all simulated 
wind conditions.  

With increasing background wind, the shaded surface area is enlarged due to Cu tilting. 
The consequent decrease in surface fluxes by a reduction in incoming radiation, is partly 
offset due to an enhancement in the surface exchange and turbulent mixing as a result of 
stronger wind speeds. Different and non-linear processes control the H and LE response to  
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shading. H is mainly radiation driven, whereas plant responses dampen the shading effects 
on LE. As a result, the regional averaged (48 km x 48 km) reduction in H and LE are found to 
be 18% and 5%, respectively, compared to non-shading cloud conditions. Surprisingly, a 
nearly uniform regional net radiation reduction of 11% is found, with only a deviation 
between all 35 Cu shading cases of 0.5% (i.e. 1.2 W m-2) at the moment of maximum cloud 
cover. By comparing four representative simulations that are equal in net available energy, 
but differ in interactive and prescribed surface energy fluxes, we find a relative reduction in 
cloud cover between 5-10% during the maximum cloud cover period when the dynamic 
surface heterogeneity is neglected. We conclude that the local and spatial surface 
heterogeneity influences Cu development, while the Cu-vegetation coupling becomes 
progressively weaker with increasing stomatal relaxation time and background wind. 

 
2.1 Introduction 

As long as more than a century ago, an anonymous writer raised a question in the 
literature regarding whether the vegetation could influence cloud development, and 
consequently the occurrence of rainfall (Mon., 1907). While the answer provided to that 
question is debatable, our understanding on the vegetation-cloud interaction is still very 
limited. During the 90s, progress was made on a more profound understanding of the 
interactive vegetation-cloud system using large scale observations (Carleton et al. 1994) 
and modeling (Chen and Avissar 1994; Hong et al., 1995; Wetzel et al., 1996). In those 
studies, the land surface was prescribed, thereby not permitting interactive surface 
responses to atmospheric perturbations. To understand the effect of smaller-scale 
processes, Montieth et al. (1995) suggested linking plant stomatal responses to a clear 
sky convective boundary layer (CBL) development, and vice versa. However, he 
concluded that "a combined complex plant and atmosphere model would be an 
unmanageable monster from which useful output would be extremely hard to obtain", 
which illustrates our current limited understanding of the vegetation-cloud system.  

Advances in computational power and improved understanding of fundamental 
modelling concepts (e.g. sub-grid representation) gave rise to systematic studies on 
forcings in the vegetation-cloud system, although no interactive approach was yet 
feasible. Investigators utilized the Large-Eddy Simulation (LES) technique to study 
interactions between vegetation and turbulent transport by varying the leaf-area index 
(e.g., Albertson et al., 2001), the sensitivity of Cumulus (Cu) development to soil 
moisture content (e.g., Golaz et al., 2001), or the effect of a local decrease in surface 
fluxes due to Cu shading on the CBL structure (Schumann et al., 2002). In the latter 
study, they focused on an initially homogeneous surface and modelled the surface 
effects to local shading as instantaneous. For hovering Cu, they found that the 
convective turbulent motions were significantly influenced when Cu shading was taken 
into account, while the solar inclination angle had no significant effects on atmospheric 
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structure. A subsequent step, was to couple an LES to an interactive land-surface 
submodel (LSM) and investigate the influence of aerosol properties on Cu clouds (Jiang 
and Feingold 2006). They showed that the LSM responded to changes in cloud optical 
properties and spatially affected the surface energy balance (SEB), leading to a 
reduction in the strength of convection, cloud fraction and depth. In 2014, both Lohou 
& Patton (2014) and Vilà-Guerau de Arellano et al. (2014) published their findings of 
localized Cu shading on an interactive vegetated surface and found large effects on 
cloud and surface properties. More specifically, Lohou & Patton (2014) showed that Cu 
shading leads to a non-linear SEB response, enhancing the evaporative fraction (EF) by 
2-3%, with the reduction in shaded areas having a greater effect on the sensible heat 
flux (H; 7-15%), and less on the latent heat flux (LE; 5%). While the surface response was 
immediate in the case of Lohou & Patton (2014) and earlier studies, Vilà-Guerau de 
Arellano et al. (2014) introduced a symmetrical plant stomatal relaxation time (of ~15 
minutes), based on observations from Vico et al. (2011). In their free convection case 
(i.e., no background wind), they showed that Cu are significantly affected by vegetation. 
Cu shading induced both spatial and temporal heterogeneity in the SEB, which affected 
the cloud liquid water path. Furthermore, they concluded that the plant response has 
consequences for local turbulence, and thus could affect cloud properties on short 
time-scales. To further quantify these results, Horn et al. (2015) investigated the effects 
of spatial variability in surface fluxes due to Cu shading on characteristic boundary-layer 
length scales for a tropical free-convection case (Ouwersloot et al., 2013). They reported 
that cloud shading reduces turbulent kinetic energy (TKE) production in the subcloud 
layer, resulting in a decrease in thermal lifetime and inter-thermal distance. They also 
concluded from their LES experiments that the cloud population was affected by Cu 
shading, which produced smaller and more clouds, while the cloud cover remained 
similar compared to radiatively transparent clouds.  

In order to investigate the effects of cloud shading location on secondary circulations, 
Gronemeier et al. (2017) modelled in a free convective situation four solar inclination 
angles, which affected their prescribed sensible heat flux. They show that a small solar 
angle negatively influences Cu development, while a larger angle increases the 
occurrence and depth of Cu, which suggests a decoupling between the vegetation and 
clouds. However, no adaptations of plant response or distinctions between direct or 
diffuse radiation were taken into account, which makes it difficult to extrapolate their 
results for an interactive vegetated surface. Related to this, observations by Freedman 
et al. (2001) and Min (2005) showed that the partitioning into diffuse and direct radiation 
by Cu is essential to capture vegetation responses to Cu shading, which enhances both 
the light-use and water-use efficiency (WUE) of the vegetation (Freedman et al. 2001).  
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Near-surface environmental conditions are essential in the vegetation-Cu system, as 
local fluctuations in the atmospheric state (e.g., temperature, moisture, wind) introduce 
spatial and temporal heterogeneity in the vegetation state (e.g., see Fig. 1 in Betts et al. 
(1996)). As a result, vegetation patterns interact with atmospheric structures, and vice 
versa (e.g., visible in Fig. 1b-d in Vilà-Guerau de Arellano et al. (2014)). Focusing on the 
near-surface horizontal wind speed (U), which plays a major role in vegetation-
atmosphere exchange, Moeng & Sullivan (1994) found streaky patterns in U that 
suggest line-wise patterns in the state of the vegetation (e.g., enhanced transpiration 
rates) as well. As these atmospheric structures can range from cellular convection under 
free convective conditions to roll vortices in wind-shear conditions, it is to be expected 
that U affects the vegetation-Cu interaction in several ways. Since the atmospheric 
structure not only affects the vegetation, but also Cu development and tilting, it affects 
the partitioning between direct and diffuse radiation reaching the surface, thereby 
complicating the interactions even further.  

In order to understand the relationships between horizontal wind perturbations, 
plant adaptation time, atmospheric structure and Cu shading and development, we 
designed numerical experiments to systematically break down the complexity of the 
interactive vegetation-Cu system by performing a sensitivity analysis for five plant 
stomatal response times in combination with seven wind-speed cases, ranging from 
cellular to roll-vortex convection. To better understand the effects of Cu shading, we 
also included a radiatively transparent Cu case. To the best of our knowledge, no 
research on the combination of plant relaxation time, cloud shading and wind 
conditions has been carried out on this detail. We therefore systematically increased 
the complexity throughout the paper. After describing the numerical modelling and 
cases, which are introduced in section 2.2, we started by investigating the effects of 
horizontal wind perturbations on the vegetation (section 2.3). Next, we added the 
presence of Cu shading in section 2.4 and explored the effect of cloud movement on 
the vegetation. In section 2.5, we combined the knowledge gained thereby explaining 
the effects of Cu shading on the vegetation, and its feedback to Cu development for all 
wind and plant adaptation cases. Finally, our results are put into perspective in a 
discussion (Section 2.6), which is followed by the conclusions in Section 2.7. 
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2.2 Numerical simulations 
The numerical experiments describe a typical early autumn day in the Netherlands 

and are validated against a complete set of observations (Vilà-Guerau de Arellano et al., 
2012), where dynamically forced Cu arise over an interactive grassland (Casso-Torralba 
et al., 2008). To represent the formation of roll vortices properly, the simulated area 
covers 48 x 48 km and is for 90% covered by C3 grass. The three-dimensional 
atmospheric fields were solved up to a height of 5.5 km, with horizontal and vertical 
resolutions of 50 m and 12 m, respectively. Time integration was performed by a third-
order Runge-Kutta scheme. An adaptive time-step approach was taken, limited to a 
maximum of 20 s, after which a 1-minute average was calculated. To numerically 
integrate the flow equations, we utilized the Dutch Atmospheric Large-Eddy Simulation 
(DALES; version 4.1) the core details of which are described in Heus et al. (2010) and 
recent extensions in Ouwersloot et al. (2017). At the top one-third of the domain, a 
sponge layer is applied that prevents the reflection of gravity waves (Heus et al., 2010). 
Surface characteristics were calculated by an interactive plant physiological sub-model, 
A-gs (Jacobs & de Bruin, 1997; Ronda et al., 2001), which enabled us to investigate 
localized cloud-shading effects on surface characteristics. The coupling of the surface 
boundary to the atmosphere is performed by applying the transfer laws of Louis (1979). 
For details, see Heus et al. (2010). All the experiments considered a situation in which 
the sun is directly above the cloud, although the amount of radiation depends on the 
solar angle (Pedruzo-Bagazgoitia et al., 2017). This idealizes the interactions, as the 
maximum decrease in radiation occurs directly below the cloud, thereby reducing the 
turbulent intensity in its updraft (Gronemeier et al., 2017; Schumann et al., 2002). Using 
the Delta-Eddington approach (Joseph et al., 1976), the time dependent incoming 
shortwave radiation is partitioned into a diffuse and a direct component depending on 
the cloud’s optical depth, as described in Barbaro (2015). To distinguish between direct 
and diffuse radiation, Pedruzo-Bagazgoitia et al. (2017) introduced a two big-leaf 
approach in the A-gs submodel that takes different extinction coefficients for direct and 
diffuse radiation into account, as well as in-canopy light scattering by the soil, sunlit and 
shaded leaves (Jacobs and de Bruin, 1997). For a detailed explanation of the two big-
leaf approach and implementation, see Pedruzo-Bagazgoitia et al. (2017). The 
simulations start at 7 UTC (9 LT) and simulate 11.5 hours of daylight. 

The 7 numerical base experiments differ in stomatal response (interactive versus 
homogenized) and cloud transparency (transparent versus shading), and are 
summarized in Table 2.1. The stomatal response experiments are repeated for 7 
geostrophic wind speeds, ranging from 0 till 20 m s-1 (Table 2.2). In total, 44 situations 
were simulated. Except for the aforementioned differences, these were identical in 
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initial atmospheric profiles and soil and plant characteristics, and are based on the LES 
case described in Vilà-Guerau de Arellano et al. (2014). Note that the FIX case was only 
evaluated for the 0 and 10 m s-1  wind situations, while the other cases cover the full 
range (0-20 m s-1) of wind conditions. 

In our first base experiment (TRA), we disabled cloud shading by making the clouds 
radiatively transparent. This experiment was set as the control case to determine the 
effects of cloud shading on the surface and its influence on the atmospheric structure. 
Note that the dynamic characteristics of cloudy boundary layers such as cloud venting 
between the sub-cloud and cloud layer (van Stratum et al., 2014) are maintained. To 
explore the maximum impact of atmospheric circulations on the surface, the plants' 
stomata adapt instantaneously to atmospheric perturbations.  

In the second base experiment (INST), cloud shading, which depends on the cloud 
optical depth ( ; Stephens, 1978), was enabled similar to Horn et al. (2015), where  is a 
function of the liquid water path. By enabling cloud shading, we can determine the 
interactions between the plants and Cu through atmospheric turbulence, as shading 
decreases the total amount of radiation reaching the surface and affects its partitioning 
into direct and diffuse radiation, thus locally affecting the SEB. In this second 
experiment, the stomatal response to Cu shading is set to instantaneous. 

Base experiments LAG10, LAG15 and LAG20 differed in terms of the plants' stomatal 
relaxation time compared to experiment two. The relaxation time is applied following 
Sellers et al. (1996) as 

 
 !"#

!$
= −'( )"# − "#*+,-	, 

(2.1) 

 
where kg denotes the time-constant for the stomatal relaxation time (s-1), gc the actual 

canopy conductance (m s-1) and gc,inf the gc at t = , which is illustrated conceptually in  
Figure 2.1. Note that gc is the inverse of rc. To encompass the most relevant stomatal 
response times observed in nature (Vico et al. 2011), the stomatal relaxation times are 

τ τ

∞

Figure 2.1 Conceptual representation of the stomatal relaxation time for the INST, LAG15 
and ASYM case when perturbed by a Cu cloud at leaf scale. 
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set for experiments three to five as 10, 15 and 20 minutes e-folding, respectively. The 
range in relaxation time gives us an idea on the sensitivity of the stomatal response to 
atmospheric and cloud dynamics. In these experiments, the relaxation is set as a 
symmetrical function; the stomatal opening time thus equals the closing time.  
 
Table 2.1 List of base experiments addressed to study the role of the stomatal response. 
The 6 stomatal response cases are repeated for the 7 wind conditions shown in Table 2.2. 
FIX is only repeated for the 0 and 10 m s-1 wind case. 

 

Table 2.2 Range of wind speeds and non-dimensional indicators to determine the 
dominant atmospheric structure. Values are based on the ASYM case and averaged over 15 
min (14–14.15 UTC). No significant differences in the non-dimensional indicators between 
the other stomatal relaxation cases were found. The classification (I–V) is based on Grossman 
(1982). 

 
 
In the sixth base experiment (ASYM) the stomatal response is asymmetrical. In this 

case, the stomata close with an e-folding time of 5 minutes, but opening occurs at a 
slower rate of 10 minutes, following Eq. 2.1. It has been shown that an asymmetric 
response is closer to nature (e.g., McAusland et al., 2015; Ooba & Takahashi, 2003; Vico 
et al., 2011), as several factors (e.g. air temperature, ion (K+) transport in the guard cells) 
affect the opening and closing speed differently.  

Case Stomatal response Remarks 
TRA Instantaneous Radiatively transparent clouds 
INST Instantaneous Closing = opening (0 min) 
LAG10 Symmetrical Closing = opening (10 min) 
LAG15 Symmetrical Closing = opening (15 min) 
LAG20 Symmetrical Closing = opening (20 min) 
ASYM Asymmetrical Closing = opening (5 vs 10 min) 
FIX None Homogenized surface fluxes 

Initial Ug -zi/L u*/w* Cat. Structure Fig. 2 
0.0 m s-1 59.860 0.089 V Cellular a 
2.5 m s-1 322 0.122 V Cellular  
5.0 m s-1 69 0,190 V Transition b 
7.5 m s-1 27 0.255 IV Transition  
10 m s-1 14 0.317 III Transition c 
15 m s-1 6 0.425 II Roll  
20 m s-1 3 0.521 I Roll d 
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In the final base experiment (FIX), we prescribed the surface fluxes according to the 
domain-averaged values of the INST case. At every time-step, the domain-averaged 
value was prescribed for all grid points in order to homogenize the surface and to 
neglect the effects of atmospheric perturbations and Cu shading. Note that this 
experiment was only evaluated for a 0 and 10 m s-1 wind. 

As shown by Vilà-Guerau de Arellano et al. (2014), the vegetation-cloud system can 
be identified as a coupled interactive system, which continuously adapts to new 
atmospheric and vegetation conditions. On the basis of their research, we hypothesize 
that persistent structures arise due to atmospheric and vegetation forcings. For example 
in a roll-vortex situation (Table 2.2), cloud streets shade the vegetation in lines, thus 
influencing the SEB by lowering stomatal conductance. As a consequence of the cloud 
streets, clear streaks of sky appear, favoring photosynthesis and thus transpiration rates. 
As this spatial and dynamic heterogeneity is affected by the stomatal relaxation time 
and horizontal wind speed, we explored the sensitivity of stomatal responses (Table 2.1) 
to a wide range of wind conditions. We repeated the first six base simulations (Table 
2.1) for seven wind speeds (Table 2.2), whose four selected situations are shown in 
Figure 2.2. In this figure, the up- and downdraft areas clearly show cell structures for low 
wind speeds (Fig. 2.2a) and roll vortices for high wind speeds (Fig. 2.2d). Figs. 2.2b-c 
show a transition from cellular-dominated convection towards roll vortex-dominated 
convection. Based on the classification scheme of Grossman (1982), the stability 
parameter -zi/L is used as a proxy to determine the dominant turbulent state of the 
atmosphere (e.g., cellular or roll vortices), where zi denotes the CBL height and L the 
Obukhov length. The classification scheme is based on the BOMEX case (Holland and 
Rasmusson 1973). A classification of I corresponds to roll-vortex motions only, while V 
indicates only random cellular structures. The categories II-IV correspond to a gradual 

Figure 2.2 Instantaneous horizontal cross-sections of the vertical wind-speed of LAG15 at 
900 m showing a transition from (a) dominant cell structure (0 m s−1) to (d) dominant roll-
vortex situation (20 m s−1) at 14 UTC. (b) and (c) show the transition cases of 5 and 10 m s−1, 
respectively (Table 2.2). Red color denotes updrafts, while blue indicates downdrafts. The 
wind direction is from left to right.  
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increase from a dominant shear (i.e., roll vortex) to buoyancy-driven (i.e., cell) boundary 
layer. Based on the value of -zi/L, we categorize the 5 to 10 m s-1 as transition cases, 
where neither cellular nor roll vortices are dominant. However, note that contradictory 
results have been reported that describe a CBL dominated by roll vortices under very 
unstable conditions (-zi /L of 250 & 136 in Ferrare et al., 1991; Kristovich, 1993, 
respectively). 

For completeness, we also show the u*/w* as a proxy to determine the atmospheric 
structure (Table 2.2). Sykes & Henn (1989) reported that when this ratio between the 
surface friction velocity and the convective velocity scale is larger than 0.35—0.40, rolls 
dominate the turbulent flow, although Kristovich (1993) showed the dominance of roll 
vortices in a lower (0.13—0.15) u*/w* regime. It is still unclear why these differences in -zi 
/L and u*/w* are found between the observational studies. One reason could be the 
difficulty to measure the zi, L, u* and w* correctly, while on the other hand external factors 
could influence roll formation (e.g., convection waves, for a review, see Young et al., 
2002). In this study, we follow the classification scheme of Grossman (1982) to 
determine the dominant atmospheric structure, as shown in Table 2.2. 
 
2.3 Impact of atmospheric turbulence on the surface 

Before we start to investigate localized cloud shading effects on vegetation-
atmosphere-cloud interactions, we need to understand how the vegetation responds 
to atmospheric fluctuations in e.g., radiation, temperature and water vapor deficit. 
Therefore, we focus in this section on a free convective non-shading clouds situation 
(i.e., no background wind; TRA case) where the canopy instantaneously responds to 
atmospheric perturbations. Note that this idealized setup with free convective 
conditions is characterized by a low surface exchange rate, which is strongly affected by 
small perturbations in the horizontal wind due to up- and downdrafts. As such, surface 
fluxes of heat, moisture and CO2 are enhanced in the regions characterized by 
convergent motions. Furthermore, as no cloud shading is taken into account, the 
feedback between the Cu and the vegetation is absent. By doing so, we isolate the 
interactions in the LSM for a non-shading clouds situation, which is needed to 
understand the complexity and feedback mechanisms in the vegetation-Cu system due 
to Cu shading in the cloud shading cases later on. 

Focusing on the LSM description (Jacobs and de Bruin, 1997; Ronda et al., 2001), 
three (indirectly) interrelated equations play key roles in the vegetation-atmosphere 
exchange. Note that this description is widely used in atmospheric models (e.g., 
ECMWF; Boussetta et al., 2013). The surface net radiation is partitioned into three 
surface fluxes: the sensible heat (H), latent heat (LE) and ground (G) flux. As the G flux is 
found to be ~9% of the net radiation (Qnet) and fluctuations due to atmospheric 
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circulations are found to be negligible (more in Section 2.5), we will mainly focus on the 
H and LE fluxes. These compete for energy, and thus have a strong influence on each 
other. The sensible heat flux is regulated through 

 
 0 =	

1c3
45

(7# − θ)	, (2.2) 

 
Here, 1 denotes the surface air density, :3 the specific heat of air, 7# the canopy 

temperature, 7 the near-surface air temperature and ra the aerodynamic resistance, 
which is the inverse of the surface drag coefficient (C) times the horizontal wind speed 
(U).  

The LE flux is defined as  
 

 ;< =	
1L>

45 +	4#@AB
(CD(7#) − q)	, (2.3) 

 
where Lv denotes the heat of vaporization, 4#@AB the canopy resistance regarding 

water vapor, Tc the canopy temperature and qs(Tc) and q the saturated specific moisture 
content and actual specific moisture content of air near the vegetation, respectively. 
Note that in general, rc is larger than ra, which is also the case in our experiments.   

The interrelationships in the LE flux increase the complexity of the system, as they 
take into account the vegetation state and the vapor pressure deficit (VPD, defined as 
qs(Tc) - q) on the canopy scale, which depends non-linearly on temperature. Note that 
the radiation effects are introduced indirectly through Tc, rc and q, which result is similar 
to that found using the Penman-Monteith equation. 

Figure 2.3 The relationship between canopy resistance (rc) versus (a) soil moisture index 
(SMI), (b) canopy temperature (Tc), (c) vapor pressure deficit (VPD) and (d) absorbed photo- 
synthetically active radiation (Ia) is shown. Unless specified, all relationships were calculated 
under constant conditions of Tc = 25 °C, Ia = 500 W m−2 PAR, VPD = 2 kPa and current CO2 
conditions of 350 ppm. The red areas denote the spatial surface variability due to Cu 
shading for the INST free convective case at 14 UTC. 
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The vegetation reacts to the partitioning between direct and diffuse radiation, 
thereby affecting photosynthesis and transpiration rates. Since both transpiration and 
CO2 uptake are regulated by the stomatal aperture, which is modelled as its resistance 
(rc), plants continuously modulate their stomata to optimize their CO2 uptake, while 
preventing additional water loss. In Fig. 2.3, we show the relationships of rc to soil (Fig. 
2.3a), atmospheric (Fig. 2.3b, c) and radiation conditions (Fig. 2.3d). It is clear that all 
relationships are non-linear, illustrating the interrelations involved. In red, the spatial 
surface variability is shown for a Cu shading case (INST). As expected, the spatial spread 
in the soil moisture index (SMI), which is defined as the relative saturation between 
wilting point and field capacity, is small. This indicates that no significant spatial soil 
moisture heterogeneity is present that spatially influences plant transpiration rates at 
sub-daily scales. The variability in atmospheric and radiation conditions due to Cu 
shading is found to be larger, which will be discussed in detail in section 2.4. The 
stomatal aperture can be seen as the gateway of the net flow of carbon dioxide into the 
interior of the plant. This indicates that rc is influencing the assimilation of CO2, which is 
described as: 
 

 FG =	
c5 − cH

45 +	4#IBA
	,  (2.4) 

 
where ca and ci denote the atmospheric and internal CO2 concentration, respectively. 

Note the difference in canopy resistance due to a difference in molecular diffusion 
between water vapor and CO2, J4#@ABK/J4#IBAK= 1.6. Hereafter, we refer to 4#@AB as 4#. 

It is to be expected that atmospheric perturbations will have a direct impact on the 
LSM when the stomatal response is instantaneous. To understand the chain of processes 
involved in this atmosphere-surface coupling, we focus on the key variables that affect 
the An, LE and H. In the upper panels of Figure 2.4, four surface horizontal instantaneous 
snapshots at 14 UTC are shown, while the lower panels visualize the relationships 
between the variables. In our free convective TRA case, it is shown that cellular 
structures (see Fig. 2.2a) affect the horizontal wind patterns (Fig. 2.4a). The dynamic 
heterogeneity in horizontal wind, resulting from cellular shaped up- and downdrafts, 
has direct effects on the surface exchange, as the rate of energy and water transfer 
increases with stronger winds. This relation is shown in Fig. 2.4e, where the 
aerodynamic resistance (ra) decreases as horizontal wind speed increases (U). As a result 
of the advection of moist air towards the updraft, the vapor pressure deficit (VPD, 
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defined as CD(M#) − C) is reduced (Fig. 2.4f). This has direct effects on the stomatal 
aperture, which widens, thereby lowering the canopy resistance (Figs. 2.3c and 2.4b). 
Due to the increase in wind speed near updraft region and the combined effect of 
enhanced (5%) transpiration rates, the canopy temperature decreases (~2 K) thereby 
lowering the temperature deficit (TD, defined as 7# − 	7; Fig. 2.4f). 

The wind induced spatial heterogeneity in the vegetative state is affecting the surface 
fluxes in a similar way. As Figs. 2.4c and d show, both H and LE are enhanced ~10 (~9%) 
and ~20 (~19%) W m-2 near updraft region, respectively. The An increases ~7% at the 
similar areas. In order to determine whether the plants' stomata or the efficiency in 
surface exchange (i.e. low ra) drives the increase in surface fluxes and An, we show the 
relationship between ra and rc on the An, LE and H in Figs. 2.4g and h. Starting with 2.4g, 

Figure 2.4 The upper panels show the zoomed (12 km x 12 km) instantaneous horizontal 
cross-sections at the surface for the TRA free convection case (i.e., no background wind) at 
14 UTC. The upper panels show: (a) the horizontal wind speed (U), (b) canopy resistance 
(rc), (c) latent heat flux (LE), (d) sensible heat flux (H). The lower panels show the relation 
between several variables with the color bar showing the relation of a specific variable 
within this relation. (e) shows the relation between the aerodynamic resistance (ra) and U. In 
(f) the relation between temperature deficit (TD; (θN − 	θ)) and vapor pressure deficit (VPD; 
CD(θN) − C), with in color the relation of ra. In (g), the relation between rc and surface energy 
is shown. The inset shows the relation between rc and CO2 assimilation rate (An). While the 
color bar showing the gradient in ra in grey, the colors show the relation of ra for H (red), LE 
(blue) and An (green). In (h), the same data is shown as in (g), but now ra is a function of 
energy (or An for the inset), with in colors the relation of rc. The black dot in panels (e–h) 
represents the domain averaged value. 
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we find no strong relationship between rc and the surface fluxes. However, the 
horizontal color gradient indicates that ra is more dominant in driving the surface energy 
than rc. Focusing on the inset, this relationship is less obvious in An, as the rc has an effect 
as well. In a plant physiological perspective this is understandable, as the decrease in rc 
limits CO2 uptake, thereby decreasing An. Fig. 2.4h shows a clear relationship between 
ra and both surface fluxes. This indicates that ra rather than rc dominates the surface-
energy flux. However, a color gradient is still apparent, indicating an influence of rc. 
Focusing on the inset, it is clear that ra has a larger effect on the An than rc. Note that, 
thanks to our plant physiology-based LSM, we capture the large heterogeneity in 
surface and plant processes that are mainly controlled in this case by atmospheric 
perturbations. Larger-scale models that only capture the average response lack the 
relevant vegetation-atmosphere interactions, as represented by the small black dot in 
the lower panels of Fig. 2.4. 

These results show that CBL turbulence influences the surface responses by 
governing the exchange between the surface properties and the atmospheric layer 
nearby. This leads to an enhancement in surface fluxes at and near updraft regions. As 
a result, it amplifies the heating and moistening effects on the updrafts itself that 
enhances convergence at the surface, thereby increasing the horizontal wind 
perturbations generated by turbulence.  

 
2.4 Impact of Cu shading on the surface: a 2-dimensional perspective 

As reported by Vilà-Guerau de Arellano et al. (2014) and Horn et al. (2015), a local 
decrease in radiation by Cu shading has an immediate impact on the SEB and thus, on 
Cu development. However, it is still an open question whether this is mainly due to a 
local coupling between vegetation and clouds, or is driven by the regional averaged 
(i.e. domain averaged) change in surface properties due to the presence of clouds.  

As our modeled area covers 48 km x 48 km, we refer from here on to domain scales 
as regional scales to make a clearer distinction between local (~500 m2) and regional 
effects.  

Before heading into the results, we start by introducing conceptually the main Cu 
shading effects in free convective and shear-driven boundary layers, as illustrated by 
Fig. 2.5. In a free convective situation (Fig. 2.5a), the Cu remain above their shadow. In 
this idealized situation, the Cu are so called 'rooted' into the vegetation (Vilà-Guerau de 
Arellano et al., 2014), as they have shown to respond to surface perturbations. The main 
processes are described as follows: the solar irradiance is, depending on cloud 
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thickness, (1) partitioned into direct and diffuse radiation, thereby lowering the local net 
radiation at surface. This affects the (2) strength and partitioning of H and LE that 
negatively affect the updraft towards the cloud. As a result of this surface energy 
change, a (3) dynamic heterogeneity arises alongside the updraft core, affecting the 
surface exchange due to horizontal wind speed variations.  

The shear-driven situation (Fig. 2.5b) is more complex as the interactions are not 
idealized and less profound. With increasing background wind, the surface exchange is 
increased as well. This leads to an (4) enhancement in surface fluxes compared to free 
convective conditions. This increase in energy level is compensated by an increase in 
Cu development, venting air from the CBL into the cloud layer. As a result, Cu grow 
taller. However, due to wind shear the Cu start to tilt, thereby lowering the net surface 
radiation less as would expected. Next to tilting, the (5) Cu move along the wind and 
form in streets due to the presence of roll vortices. Combining this latter with a plant 
stomatal relaxation time, causes the Cu surface effects to be lingered, thereby forming 
(6) streaks of lowered plant transpiration.  

To explore the interrelated processes in the vegetation-cloud system, we first analyze 
a free convective situation (i.e., no background wind) to maintain the clouds directly 
above their shaded area (Fig. 2.5a). The plant stomatal response is prescribed as a 15 
minutes symmetrical e-folding time (LAG15 case; upper panels of Fig. 2.6). Later in this 
section we focus on the effects of a 10 m s-1 initial background wind as well (lower panels 
of Fig. 2.6; Fig. 2.5b). 

Free convection Shear driven

Sensible latent heat

Diffuse radiation

Direct radiation
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1. Radiative partitioning: direct and diffuse 
2. Surface flux partitioning: H and LE
3. Dynamic heterogeneity

4. Enhanced surface fluxes
5. Cloud movement and tilting
6. Cloud induced vegetative streaks
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Figure 2.5 Illustrative representation of the Cu–vegetation interaction for a (a) free 
convective and (b) shear-driven boundary layer. The darker green areas indicate stomatal 
closure. The LES numerical experiments explore systematically the different Cu–vegetation 
interactions by increasing wind and varying stomatal relaxation time. 
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The free convection case is visualized in Figure 2.6a-d, where an instantaneous 
surface cross-section is shown for 14 UTC. At this time, the cloud cover (N), which is 
defined as the fraction of the domain where liquid water is present in the vertical air 
column, is maximum and stable (0.18 [-]; not shown). Furthermore, the wide range in 
cloud optical thicknesses (O; ranging from 1 until 120) indicates that the clouds are 
actively growing (Fig. 2.6a). The impact of the presence of clouds is shown by the local 
decrease in CO2 assimilation rate (max. 85%), similar to the LE (max. 81%) and H (max. 
100%) fluxes. As also shown in Figs. 2.6c-d, the LE and H respond differently within the 
shaded areas. This is mainly due to the Clausius-Clapeyron relation that enters in qc(Tc) 
(i.e. LE) due to the decrease in Tc (Eqs. 2.2 & 2.3).  

Focusing on the processes affecting LE and H, we identify several factors that play a 
role on this distinct Cu shading response. Regarding H, we describe the following steps: 

 
1. Clouds directly reduce the net radiation (Qnet) at the surface, which in turn lowers 

canopy temperature (7#). 
2. This locally reduces the buoyancy flux, increasing the relative importance of 

turbulent mixing by shear near the surface (i.e., through ra). 
3. Due to this local decrease in Qnet, perturbations of U become weaker as a result of 

Figure 2.6 Instantaneous horizontal cross-sections at the surface for the LAG15 case at 
14 UTC. The effect of the (a) cloud optical depth (τ) on the (b) assimilation of CO2 (An), (c) 
latent heat flux (LE) and (d) sensible heat flux (H) is shown for a free convective situation 
(upper panels) and 10 m s−1 initial geostrophic wind (lower panels). Note that H and LE 
have inverse coloring. The wind direction is from left to right. 
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the reduction in local convection, thereby limiting energy exchange at the Cu 
shaded areas (i.e., increasing ra).  

4. Eventually, this diminishes H even further, thereby affecting the updraft. 
 
Focusing on LE, the spatial variability is mainly affected through stomatal responses:  
 

1. As a result of Cu shading, the canopy temperature (7#) falls, which decreases the 
VPD, thereby hampering the local LE flux near the updraft region (Eq. 2.3).  

2. The plant relaxation time determines the delayed impact of canopy resistance on the 
LE flux. As a result, the local impact of a gradually adapting surface below a cloud 
will always be less compared to an instantaneous responding surface, which is 
reflected in the LE response (Fig. 2.6g).  

 
It is interesting to note that Cu shading acts as a local negative feedback on the 

surface fluxes near the updraft region, compared to the local enhancement effects due 
to horizontal wind perturbations generated by turbulence, as described in section 2.3.  

If sufficient background wind (Ug > 10 m s-1) is introduced in the CBL, roll vortices 
form due to shear (Grossman 1982). Figure 2.6e-h illustrates the effects of 10 m s-1 
background wind on the cloud optical depth, CO2 assimilation rate and LE and H fluxes. 
Figure 2.6e suggests that clouds broaden when wind increases, thereby increasing the 
cloud cover (N = 0.22). As will be explained in detail in section 2.5, this result is mainly 
due to cloud tilting. As cloud tilting occurs in wind sheared areas, it enlarges the shaded 
area. However, due to their tilt the local cloud optical thickness decreases. As a 
consequence, the partitioning between direct and diffuse radiation changes, thereby 
affecting the surface fluxes.  

Turning to Figure 2.6f, it is clear that horizontal wind increases the CO2 exchange and 
photosynthetic rates through a reduction in aerodynamic resistance compared to free 
convective conditions (Eq. 2.4). Furthermore, due to the combination of cloud 
advection and delayed plant responses, the local effect on CO2 assimilation is reduced 
(max. 33%) compared to free convective conditions. However, the affected area is 
increased due to the delay in plant recovery, thereby reducing the CO2 uptake due to 
limitations in stomatal aperture (Fig. 2.1). This effect in plant recovery has comparable 
consequences for the LE flux (max. 41%; Fig. 2.6g), while different effects in H (max. 
reduction of 100%) are found that are comparable to free convective conditions. 
Regarding the effect on the canopy-atmosphere gradients expressed in equations 2.2 
and 2.3, the decrease in 7# also has a negative impact on transpiration rates through a 
decrease in VPD. However, since 7# reacts fast to the incoming radiation, this effect is 
more localized. Moreover, stomatal closure tends to increase 7#, as less transpirative 
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cooling occurs. In general, the impact of the local and lagged increase in canopy 
resistance due to Cu shading turns out to be dominant in controlling the reduction in 
LE when a relatively strong background wind is present. This is due to the significant 
decrease in ra with increasing wind and the relative high absolute value of rc (~230 s m-

1) compared to ra (~40 s m-1).   
When we focused outside the shading-affected areas, we found that LE and H 

increase with rising background wind, which is explained through the reduction in 
aerodynamic resistance (from 90 to 30 s m-1 for a background wind of 0 to 20 m s-1, 
respectively). 

The H flux (Fig. 2.6h), however, has no direct consequences of the rc increase by Cu 
shading and is mainly affected by the localized fall in surface temperature. In the sunlit 
areas, H is enhanced more strongly by a reduction in ra compared to LE and free 
convective conditions.  

 
To summarize the feedbacks described in this section (note that we will elaborate on 

this in the following section by combining all experiments): 
 

1. Near-surface horizontal wind perturbations generated by turbulence enhance 
surface exchange, thus increasing H and LE near the updraft region. 

2. This favors convection, which increases the likelihood of Cu occurring above the 
updrafts. 

3. The development of Cu reduces the Qnet at the surface, which locally reduces canopy 
temperature as well as plant transpiration and assimilation rates.  

4. These are much affected by Cu movement due to the background wind condition:  
a. In free convective situations, the lower H and LE for optically thick Cu 

negatively affect the updraft, which lowers near-surface turbulence and 
hampers Cu development. 

b. Under situations characterized by a background wind, LE is less affected 
than free convective conditions, due to the plant relaxation time 
combined with Cu movement. Furthermore, the Cu tilt enlarges the 
shaded area, thereby affecting the partitioning of radiation reaching the 
surface.  
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2.5 The Cu-vegetation interaction in shear and buoyantly driven boundary layers 
Moving on in complexity, we analyze the combined effects of the horizontal wind in 

relation to the delay in plant responses, by discussing all (44) experiments. First, we 
analyze the regional averaged SEB, following up with the effects of the atmosphere and 
vegetation on Cu.  

 
2.5.1 Regional SEB: effects of wind and plant response 

To determine the effects of local cloud shading on the regional SEB, the SEB 
components are spatially averaged over time. Combining all wind-speed (Table 2.2) 
and base (Table 2.1) experiments enables us to understand the general effects of the 
stomatal relaxation responses to cloud shading. The regional SEB components and 
corresponding standard deviations between the averaged wind cases are presented in 
Fig. 2.7. Here, the main feature is the spread in the SEB components, which is mainly 
due to near-surface horizontal wind effects (i.e., ra).  Note that only 2 colors are visible, 
which is due to all base experiments exhibiting the same dependencies, with the 
exception of TRA.  

In Fig. 2.7, the time at which optically thin and thick clouds arise is indicated; the 
quantification is based on the partitioning between direct and diffuse radiation. As 
shown by Pedruzo-Bagazgoitia et al. (2017) (Fig. 1 therein), direct radiation decreases 
rapidly towards zero as cloud optical depth (O) increases below 10	O. In turn, the diffuse 
radiation increases. When O > 10, the diffuse radiation also falls slowly towards zero. The 
threshold between optically thin and thick clouds is set at O = 15 throughout the 

 

Figure 2.7 Temporal evolution of the 
domain- and wind-experiment (Table 
2.2) averaged surface fluxes are shown 
per base case (Table 2.1). The thick line 
represents the mean of the wind 
experiments, while the spread denotes 
the standard deviation. At 10 UTC, 
optically thin clouds arise, while 
optically thick clouds are present from 
11.5 UTC onwards. The grey bar 
denotes the maximum cloud cover 
period. Note that only 2 colors are 
visible, which is due to all the base 
experiments exhibiting the same 
dependencies with the exception of 
TRA. 
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simulation. Our criteria are based on a more favorable plant environment at canopy 
level, where below a O of 15 the An and transpiration rates were increased as optical 
thickness increases at 14 UTC. The onset of cloud development is equal for all cases; 
however, the increase in cloud cover is faster with stronger background winds.  

It is evident that H has the largest spread (~159—183 W m-2) before optically thick 
shading clouds arise (11.30 UTC), which is due to its sensitivity to horizontal wind 
through ra (Eq. 2.2, 2.4b). Furthermore, during the maximum cloud-cover period 
(12.30—15 UTC), the regional H is reduced (max. reduction: 18%) due to cloud shading. 
A relevant feature is that the standard deviation decreases when thick clouds arise, 
which offsets the effects of ra on H. This indicates that the vegetation-Cu system adapts 
in the direction of a steady-state condition when sufficient radiation (positive feedback) 
is present to form Cu clouds (negative feedback). In other words, an increase in CBL 
energy due to enhancement of surface fluxes by wind is balanced by an increase in Cu 
development that decreases the 7# at surface. The sequence of the mechanism that 
affects H is explained as follows: 

 
1. Cu clouds start to tilt in sheared environments, thereby enlarging the shaded areas. 
2. As a result, the local O decreases slightly, affecting the partitioning between direct 

and diffuse radiation. 
3. As this feedback mechanism acts during the period when optically thick clouds (O > 

15) are present (Fig. 2.7), the total radiation reaching the surface is much reduced, 
which results in a decrease in  7#. Note that fluctuations in  7# due to Cu shading are 
more than 20 times as large as fluctuations in the near-surface potential air 
temperature, 7	(not shown). 

4. As a result of the combination of decreased ra due to the background wind and the 
increase in the cloud-shaded area due to cloud tilting, which decreases  7#, the 
effects are almost equally offset. 
 
Our results also show that this relation is independent of the stomatal relaxation time, 

as in all the experiments, H converges and the spread (95–100 W m-2 at 14 UTC) is small. 
The impact of optically thick Cu on the regional LE flux (maximum reduction: 5%) is 

less than H (max. reduction: 18%). The reason for the difference in response is found in 
the dependence of LE on vegetation responses (through rc) and VPD. Depending on 
cloud thickness, the amount of diffuse and direct radiation reaching the plants is 
affected, which has consequences for the magnitude and feedback of the plant's 
response. As described in detail by Pedruzo-Bagazgoitia et al. (2017), when the 
vegetation reacts immediately, optically thin clouds enhance An and transpiration rates, 
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due to an increase in diffuse radiation (positive effect on LE), while some direct radiation 
is still present. On the other hand, under optically thick clouds, An and plant 
transpiration are reduced, since only a small proportion of the radiation reaches the 
surface.  

Under these conditions, rc is the dominant term (rc is ~3—4 times larger than ra; Fig. 
2.4b, e). As a result, fluctuations due to wind (thus ra) on the LE flux are less effective, 
while its response is mostly due to Cu shading effects on rc (Eq. 2.3).  

Besides LE and H, the ground heat flux (G) is also affected by Cu shading. A maximum 
reduction due to Cu shading is found to be 8%. However, due to its relatively small 
contribution to Qnet (9%), no major effects on the vegetation-cloud coupling are evident. 

To conclude, H has important effects on the net radiation. Regarding the TRA case, a 
relatively large spread is found, due to the sensitivity of H to ra (Fig. 2.4b). Furthermore, 
when optically thick Cu shading occurs, the spread is drastically reduced and the plant 
adaptation cases converge. The net regional SEB reduction (i.e. Qnet) due to Cu shading 
is found to be 11%, with a deviation between cases of 0.5% (i.e. 1.2 W m-2), which 
regional decrease in Qnet is comparable to the finding of Lohou & Patton (2014) (10%). 

In order to understand why we found no effects of the plant relaxation time on the 
SEB at regional level, we focus on the effects of Cu shading on the canopy resistance, 
whose deviation compared to the mean is shown in Figure 2.8 for the LAG15 (upper 

Figure 2.8 Instantaneous horizontal cross-sections of the canopy resistance deviation 
compared to the domain averaged value (Δrc) at the surface is shown at 14 UTC for the (a–
d) LAG15 and (e–h) ASYM cases, regarding wind speeds of (a,e) 0, (b,f) 2.5, (c,g) 7.5 and 
(d,h) 15 m s−1. The black contour lines indicate the Cu clouds that are thicker than 50 τ. The 
wind direction is from left to right. 
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panels) and ASYM (lower panels) cases. As can be seen, the surface impacts on rc due 
to Cu shading are distinct for different background wind conditions, as well as plant 
relaxation time. In general, four factors control the surface impact due to Cu shading: 1) 
plant relaxation time, 2) cloud thickness, 3) cloud movement and 4) cloud tilting. This 
means that regarding the asymmetrical stomatal response, the impact of Cu shading on 
the surface is expected to be the largest compared to all base cases, since due to its 
asymmetry a larger surface area is affected.  

Under free convective conditions (Fig. 2.8a, e), canopy resistance is affected by the 
atmospheric cell structure and the local decrease in net radiation by hovering Cu. As a 
result, spatial heterogeneity is large, due to the more profound impact of Cu shading 
on the surface. When wind is present (Ug ³ 2.5 m s-1), the spatial and temporal SEB is 
powerfully affected by the plant's relaxation time (Fig. 2.8). For instance, when the plants 
react rapidly, the fluctuations in LE are larger than when plant reaction time is slower. 
This suggests that the plants partially affect atmospheric turbulence, as they induce a 
dynamic heterogeneity in the SEB. Furthermore, in some situations the plants are 
unable to recover significantly, as a new cloud perturbs the incoming radiation. This 
mostly occurs when roll vortices are present and the clouds move along the vortex in 
streets (Fig. 2.8d, h). Due to this effect, an optimal situation between background wind 
and plant relaxation time would be expected, which could significantly impact spatial 
canopy resistance. However, in the symmetrical LAG10-20 cases, the cloud cover (N = 
18—22%) is too low to maintain those situations effectively, as the plants have time to 
recover significantly.  

In the asymmetrical response case (ASYM), this situation is more evident. Along with 
the vortex, Cu clouds perturb the vegetation in streaks (Fig. 2.8h). As a result of the 
asymmetrical response to radiation, areas of higher rc start to develop. Next to areas of 
cloud streets, clear sky areas persist. Due to the combination of wind and maximum 
radiation (see for details section 2.3), the rc remains at a low level in clear sky areas, 
which counteracts the cloud shaded areas of higher rc, resulting in a net effect near zero.  

 
2.5.2 Atmospheric and vegetation effects on cumulus 

As background wind-speeds increase, the momentum and surface fluxes gradually 
increase (e.g. at 12 UTC, Qnet increases from 327 to 352 W m-2 regarding a background 
wind of 0 to 20 m s-1, respectively). As a result, convection and cloud development are 
enhanced (not shown), with Cu growing larger and thicker. To understand how Cu 
growth relates to Cu tilting in sheared environments, we studied the effects of the 
background wind on cloud cover and cloud area fraction (Fig. 2.9). The cloud area 
fraction is defined as the fraction of clouds on each level independently. As Fig. 2.9 
shows, cloud cover increases with rising background wind speed. This is explained by 
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the effect of cloud tilting, which is caused by wind shear. The negative effects of cloud 
shading on cloud cover are clearly identified with respect to the TRA case. In general, a 
decrease in cloud cover of 11% was found, with the exception of the 20 m s-1 case (14%). 
This exception is explained by the fact that with a strong background wind the 
radiatively transparent clouds reach the sponge layer (i.e., a numerical artifact; not 
shown) due to the missing cloud-shading feedback. When Cu shading is present, the 
decrease in regional SEB lowers the Cu vertical extent, thereby preventing them to 
spread artificially at this sponge layer. It is noteworthy that the plant relaxation time does 
not affect the cloud area fractions and cover, which led us to conclude that the localized 
vegetation response to Cu shading has little impact on the formation of Cu, that is 
mainly driven by the (local) decrease in ra.  

To determine the cloud tilting effects on the cloud cover, the area fraction of clouds 
is calculated at 2 heights. Figure 2.9 shows the area fraction at 2 and 3 km heights, both 
of which are above the cloud base that was found around 1900—1950 meters. We found 
that the area fraction at 2 km increases with increasing background wind-speed. This is 
explained by the growing amount of forced clouds when the background wind 
increases, as more air parcels are forced towards the lifting condensation level (LCL). 

Figure 2.9 Half-hourly averages (13.45–14.15 UTC) and standard deviation (vertical lines) 
of cloud cover (circles) and area fraction of clouds at 2 (stars) and 3 (triangles) km in relation 
to the initial geostrophic wind speed. Note that the horizontal spread in the plant response 
cases is for visualization only. 
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Focusing on the 3 km level, which is above the level of free convection (i.e. no forced 
clouds present), it is clear that the rise in area fraction with wind speed is much less. The 
fact that the increase in cloud cover is not mirrored by a similar relative increase in cloud-
area fraction at 3 km indicates that the rise in cloud cover is mainly due to the tilt as a 
result of wind shear.  

Our finding that local plant responses do not affect the area fraction of clouds and 
cloud cover suggests that the regional decrease in energy level is dominant and local 
interactions become less important. To determine whether this is true, we homogenized 
the surface fluxes based on the INST case for the 0 and 10 m s-1 wind cases (i.e. FIX 
case). We thus simulate the same surface energy level as in the INST case, but without 
local interactions based, for instance, on Cu shading affecting the local SEB. We 
introduce the FIX case in Fig. 2.10, where the  aggregated fraction of the regional 
averaged cloud optical depth is shown. The horizontal black lines denote the threshold 
value where above (below) these lines an increase in cloud thickness decreases 
(increases) the photosynthetic and transpiration rates. When no black line is visible, all 
clouds contribute negatively to the photosynthetic and transpiration rates. From the 
figure is clear that only optically thin clouds in a free convection situation have a positive 
effect on the photosynthetic and transpiration rates, and in cases when the plants' 
stomata react instantaneous. Regarding free convective conditions, the threshold is 
found around 15O for the INST and LAG10-20 cases, while it is approximately 10O for 
the ASYM case. When a background wind is introduced and clouds are moving, the An 
and transpiration rates are always reduced as cloud optical depth increases for the cases 
with an (a)symmetrical relaxation time. However, the INST case retains a threshold, 

Figure 2.10 The aggregated fraction of the cloud optical depth (τ) for all wind and base 
experiments is shown at 14 UTC. The horizontal black line denotes the threshold value 
where clouds have a positive (below black line), or negative (above black line) effect on An 
and transpiration. When no black line is present, all clouds contribute negatively to An and 
transpiration. 
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which is approximately 10O . 
In order to understand the effects of Cu shading on cloud development, we 

aggregated the cloud optical depth in stacked bins (Fig. 2.10). Instead of focusing on 
the trend in cloud cover, as shown in Fig. 2.9, we focus here on the influence of Cu 
shading on the occurrence of the aggregated cloud optical depth. We start our analyses 
with the clouds of 0—2O. As Fig. 2.10 shows, those optically thin clouds are not affected 
by Cu shading and stomatal response time as the aggregated fraction remains stable 
around N = 0.08 [-] for all cases with wind speeds up to 10 m s-1. When the wind speed 
is higher than 10 m s-1, more optically thin clouds appear. This is explained by the 
generation of forced clouds, as can also be seen in Fig. 2.9. This pattern is nearly similar 
for cloud optical depths till 10O, showing no response on Cu shading or stomatal 
relaxation time. When the clouds are thicker than 10O, a clear difference between the 
TRA and stomatal response cases is visible. This indicates that Cu shading only has an 
impact when the clouds sufficiently decrease the net radiation below the cloud. Note 
that this process is mainly due to the canopy temperature and thus on H, as no clear 
response between the stomatal response cases is found. When the surface fluxes are 
prescribed and homogenized as in the INST case (i.e. FIX), we find comparable results 
for the optical thin (0—10O) clouds, while an intermediate result is found compared to 
the TRA and stomatal response cases.  

Neglecting the local variability in surface fluxes leads to an increase in the incidence 
of thicker (³10O) clouds. This leads us to conclude that the local variability and 
heterogeneity in surface fluxes due to atmospheric perturbations and Cu shading acts 
as a negative feedback on cloud growth. If this response is not taken into account, the 
growth of Cu clouds will be overestimated, increasing cloud cover with 1—2% (i.e. 
relatively with 5—10%). 

 
2.6 Discussion 

The results presented in previous sections showed the sensitivity of Cu and 
atmospheric dynamics to stomatal relaxation times for a wide range in wind conditions. 
We focused on the impact and feedbacks in the vegetation-cloud system when Cu 
perturb the partitioning between direct and diffuse radiation reaching the surface. Due 
to our systematic approach to identify key vegetation-clouds feedbacks, we initialized 
the simulations with homogeneous surface conditions. In this section, we address the 
effects of this initialization and put our results in perspective with the current 
understanding found in literature.  

In all our simulations, we start with an initially homogeneous distribution in soil 
moisture content as in vegetation type and state. However, it is well known that a 
horizontal variability in those variables affect the surface fluxes, thereby influencing 



2.6  Discussion 

 37 

convection rates and Cu occurrence. For instance, Chen & Avissar (1994) and Clark & 
Arrit (1995) have shown that a horizontal variability in soil moisture strongly affects Cu 
and precipitation fields. This was confirmed by the observational study of Taylor et al. 
(1997), who showed that in the semiarid Sahel region soil moisture patterns play a role 
in determining rainfall locations. Although we explicitly simulate the soil moisture in the 
top layer, its distribution was homogeneously prescribed. Next to this, the soil moisture 
content is lower than field capacity, thus (slightly) hampering transpiration rates in our 
simulations, which indicates that soil moisture is affecting the surface fluxes through 
plant transpiration as well. If spatial variations in soil moisture would develop, this would 
influence the stomatal aperture, thus surface fluxes. For instance, the modelling study 
of Rieck et al. (2014) shows that a variation in surface fluxes has strong impacts on the 
transition from shallow to deep convection and on the cloud size distribution. This 
would indicate that when Cu are advected over different vegetation and soil types, the 
variation in surface fluxes could accelerate Cu development due to enhanced surface 
fluxes.  

Besides our initial homogeneous surface setup, we idealized the vegetation-Cu 
interaction by considering the sun directly overhead the clouds. This idealizes the 
interactions as the maximum decrease in radiation is found directly below the cloud. By 
fixing the solar angle, we prevent any additional interactions due to cloud tilting and 
movement, which enabled us to compare and identify feedbacks in the Cu-vegetation 
system. For instance, when the clouds tilt in a wind sheared environment towards the 
sun, the radiation is partitioned in a different way than when the clouds tilt in another 
direction. As this is highly dependent on the background wind direction and speed, we 
chose to fix the sun's location throughout all experiments to have a fair comparison and 
analysis between the simulations. Note that the amount and cloud transmissivity of 
radiation still depends on the solar angle (Pedruzo-Bagazgoitia et al., 2017). 
Furthermore, as shown by Schumann et al. (2002), the location of the cloud shading on 
a spatially homogeneous surface has only a very small impact on the turbulent motion 
field. However, Jakub & Mayer (2017) recently found in a LES sensitivity study that the 
organization of Cu convection and formation of clouds streets is influenced by the 
position of the cloud's shadow. In a similar line of research, Gronemeier et al. (2017) 
focused on the effects of the cloud shading's location on secondary circulations and the 
effects of surface heterogeneity. They concluded that the effects of cloud shading are 
small for situations where the shading is perpendicular on a static heterogeneous 
(striped) surface, while the effects are stronger if the cloud shadows are cast parallel to 
the striped surface. It would be very interesting to include the processes and radiation 
schemes described in Gronemeier et al. (2017) and Jakub & Mayer (2017) with the 
interactive and dynamic plant stomatal heterogeneity presented in this study.  
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In our LES setup, all water within an air parcel saturates when the local lifting 
condensation level is reached. We assume all droplets to maintain an effective radius of 
10 µm, a size typically found in Cu (Baker and Latham, 1979; Siebert and Shaw, 2016). 
In reality, this process will be more subtle and cloud droplets will grow gradually in size. 
However, the effect of droplet size on the shortwave downward radiation would only be 
minor (Pedruzo-Bagazgoitia et al., 2017). Next to this, we simulate warm clouds, thereby 
neglecting the possibility of ice crystallization at the top of the clouds (Taylor et al., 
2016). This process could acts as a negative feedback as it generates precipitation, 
which negatively influences the updraft, thus Cu development, and increases the spatial 
variability in surface fluxes as patches of relatively high soil moisture arise (Chen et al., 
2012). In our simulations, we only investigate the development of fair-weather non-
precipitating warm Cu. Due to the missing feedback of ice crystallization and 
precipitations, our conclusions are only valid for non-precipitating Cu clouds.  

In this study, we were interested in the effects of local plant stomatal responses to a 
decrease in radiation on the Cu development. In all our cases, we start with an initially 
equal and idealized surface and radiation setup. Since we draw conclusions on the 
comparison with our control case (i.e., INST) our results remain valid, even though our 
simulations do not necessarily compare perfectly with the processes and feedbacks 
occurring in nature itself.  

 
2.7 Conclusions 

The interactions in the vegetation-cloud coupling were systematically studied in 
order to understand the regional effects of local cumulus (Cu) cloud shading. To 
determine the main processes in the plant-atmosphere-cloud interaction, the coupling 
was investigated for a wide range (44) of atmospheric and vegetation conditions. The 
plant relaxation time is prescribed as an instantaneous, symmetrical (10, 15 and 20 
minutes) and asymmetrical (5 min closing, 10 min opening) response. The background 
wind speeds ranged from 0 to 20 m s-1 to obtain a range from free-convective to shear-
driven boundary layers. By using the LES technique, the interactive vegetation reacted 
to the atmospheric state variables and intermittent light perturbations due to clouds. 
The latter introduced a partitioning between diffuse and direct radiation reaching the 
canopy, which was dependent on the optical cloud thickness. Also within-canopy 
radiative transfer was taken into account. In order to investigate the effects of cloud 
shading, we also simulated a case with transparent clouds. 

In our vegetation-cloud system, we systematically increased the complexity of the 
system by successively adding processes that would affect the interaction. First, we 
focused on a free convective situation with radiatively transparent clouds. In this 
idealized setup, we found that the dynamic heterogeneity of the horizontal near-surface 
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turbulence influences the vegetation, leading to an enhanced CO2 assimilation rate (An; 
7%) and latent (LE; 9%) and sensible heat (H; 19%) fluxes near the updraft region, 
thereby intensifying the local turbulent convection.  

When we permitted clouds to provide shade in a free convection situation, a different 
response between LE and H was found in the shaded areas. Under optically thin clouds, 
plant transpiration and An increased (5—7%) were comparable to the regional averaged 
value in the INST case, whereas this enhancement became smaller (3—5%) when the 
plants needed time to adapt. We explain this effect by the positive canopy response to 
an increase in diffuse radiation, leading to decrease the canopy resistance by 5% (INST). 
For H, no such effects were found as it was mainly radiation-driven, thus leading to a 
decrease of 31%. When optically thick clouds develop, both An (85%) and LE (81%) were 
greatly reduced, although to a lesser degree than was H (100%).  

When we focused at the influence of a background wind, the enhancement effect of 
optically thin clouds vanished. If the clouds were sufficiently vertically developed, we 
found that as wind-speed increases they broaden due to tilt. As a result, the shaded 
surface area expanded, while the cloud optical thickness locally decreased, thereby 
influencing the partitioning between direct and diffuse radiation reaching the canopy. 
In roll-vortex situations (Ug > 10 m s-1), the vegetation was affected in a streak-wise 
pattern where the surface fluxes were lowered below the Cu streets. The combination 
of cloud movement and plant relaxation time resulted in a smaller reduction in An (33%) 
and LE (41%) compared to free convective conditions, while its effect was distributed 
over a larger area, resulting in a negligible net effect. H was not affected differently (max. 
reduction 100%). As a result of the spatial Cu organization, a similar streak-wise clear 
sky area was evident. Here, the maximum solar radiation effectively maintained high 
levels of photosynthesis, and thus a low canopy resistance. Due to the strong 
background wind, the aerodynamic resistance was also low, thereby maintaining high 
surface fluxes. This effect compensated for the negative effects of Cu shading, resulting 
in similar surface fluxes for all atmospheric and vegetation cases. The effects of 
turbulence and Cu shading on H and LE were found to be distinct due to the plant 
relaxation time involved in the LE flux, as the canopy resistance was three times as large 
as the aerodynamic resistance, and therefore played a dominant role in controlling 
plant transpiration.  

By combining and interpreting the entire set of plant responses and wind 
combinations (44 experiments), our findings show that during the period of maximum 
cloud cover, regional reductions in H and LE of 18% and 5%, respectively, were found 
compared to the TRA case, while the net radiation (Qnet) was reduced by 11%. A regional 
deviation in Qnet of 0.5% (i.e. 1.2 W m-2) was found among the wide range of 
atmospheric and vegetation conditions. By comparing four simulations that are equal 
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in net available energy, but differ in interactive (i.e. INST) and prescribed (i.e. FIX) 
surface energy fluxes, we find a relative reduction in cloud cover between 5—10% during 
the maximum cloud cover period when the dynamic surface heterogeneity is neglected. 
Taking into account that cloud cover is independent of the plant relaxation time and the 
development of optically thin Cu clouds was not hindered due to shading, we conclude 
that the local and spatial dynamic surface heterogeneity is affecting Cu development, 
while the coupling between vegetation and clouds becomes progressively weaker as 
stomatal relaxation time and background wind speeds increase.  
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Substantial reductions in cloud cover and moisture 
transport by dynamic plant responses 

 
 
 
Cumulus clouds make a significant contribution to the Earth’s energy balance and 

hydrological cycle, and are a major source of uncertainty in climate projections. Reducing 
uncertainty by expanding our understanding of the processes that drive cumulus convection 
is vital to the accurate identification of future global and regional climate impacts. Here, we 
adopt an interdisciplinary approach that integrates interrelated scales from plant physiology 
to atmospheric turbulence. Our explicit simulations mimic the land-atmosphere approach 
implemented in current numerical weather prediction and global climate models enable us 
to conclude that neglecting local plant dynamic responses leads to misrepresentations in the 
cloud cover and mid-tropospheric moisture convection of up to 21% and 56%, respectively. 
Our approach offers insights into the key role played by the active vegetation on atmospheric 
convective mixing that has recently been identified as the source of half of the variance in 
global warming projections (i.e. equilibrium climate sensitivity). 
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3.1 Introduction 
With an average daily occurrence of around 25% in mid-latitude and tropical 

continental regions (Eastman & Warren, 2014), cumulus convection has a significant 
influence on regional radiation balance (Lohou & Patton, 2014; Schumann et al., 2002; 
Vilà-Guerau de Arellano et al., 2014) and moisture recycling (Waite & Khouider, 2010; 
Wright et al., 2017). By perturbing the incoming radiation, cumuli modulate plant 
stomatal aperture (Min, 2005) and surface temperature (Pedruzo-Bagazgoitia et al., 
2017) near updraft regions (Figure 3.1). In this capacity, cumuli initiate a chain of events 
that dynamically affect their development (e.g., Manoli et al., 2016; Sikma et al., 2017), 
as well as the distribution of atmospheric moisture (e.g., Spracklen et al., 2012) and 
terrestrial carbon uptake (Min, 2005).  

Observation-based experimental and simulation studies have revealed that cumulus 
radiative perturbations have a bi-directional effect on local photosynthesis and 
transpiration rates (Min, 2005; Pedruzo-Bagazgoitia et al., 2017). Optically thin clouds 
enhance those rates, due to an increase in the diffuse radiative component, while 
optically thick clouds lead to significant decreases in evapotranspiration (Pedruzo-
Bagazgoitia et al., 2017). In the perspective of moisture recycling (Wright et al., 2017), 
this early transpiration enhancement stimulates cumulus growth and subsequent 
upward moisture transport, thereby pre-conditioning the mid-tropospheric cloud layer 
for regional-scale deep convection on a sub-weekly scale (Keil et al., 2008; Waite & 
Khouider, 2010; Zhang & Klein, 2010; Spracklen et al., 2012). This underlines the 
predominant role of plant physiology as a key driver related to mid-tropospheric 
moisture convection, and demonstrates that only a profound understanding of the 
fundamental processes involved can lead to progress in the modelled land-atmosphere 
continuum (Katul et al., 2012; Stevens & Bony, 2013; Sherwood et al., 2014; Bony et al., 
2015; Yano et al., 2018). 

In current numerical weather-prediction and climate models, the land-atmosphere 
continuum is separately treated and parameterized (WMO, 2015; Hov et al., 2017). As 
a result, global models lack dynamic and static heterogeneity on small spatiotemporal 
scales (i.e., seconds/meters), thereby missing essential interactions that play a vital role 
in the formation of cumuli. This underlines the need for high-resolution simulations that 
adopt a holistic approach by dynamically coupling plant responses to atmospheric 
mesoscale circulations. Here, by explicitly resolving relevant and essential sub-grid 
scale processes and interactively coupling the atmosphere to plant physiology (Figure 
3.1), we systematically study feedbacks and sensitivities in the plant-atmosphere-cloud 
system. Special focus is placed on the combined effects of local and dynamic cloud 
radiative perturbations on characteristic plant physiological responses (Ooba & 



3.2   Proof of concept: numerical simulation strategy 

 43 

Takahashi, 2003; Vico et al., 2011; McAusland et al., 2015), and in turn on the 
subsequent effects of their responses to the atmosphere and clouds.  

 
3.2 Proof of concept: numerical simulation strategy 

Current technological limitations and scientific inability to integrally measure the 
spatiotemporal interactions covered in this study, mean that no all-encompassing 
observations are available. More specifically, in order to take all the relevant scales (i.e., 
from leaf level to cloud convection) into account, we need to study the coupled 
processes simultaneously. Moving forward to overcome these limitations, we 
performed 20 novel three-dimensional numerical experiments (DALES4.1; DALES 
model details in Heus et al. (2010) and Ouwersloot et al. (2017)) that offer an 
unprecedentedly detailed diurnal description of atmospheric dynamics as well as the 
physiological response to 
environmental perturbations. The 
experiments describe a typical 
Western European early autumn 
day, with cumuli developing over 
well-moistened grassland. Our 48 
km x 48 km domain is 90% covered 
by C3 grass and the three-
dimensional atmospheric fields 
were explicitly solved for an entire 
day up to a height of 5.5 km, with 
horizontal and vertical resolutions 
of 50 m and 12 m, respectively (i.e. 
420 million grid points). The surface 
characteristics were mechanistically 
solved by an interactive plant 
physiological sub-model (Jacobs & 
de Bruin, 1997; Ronda et al., 2001; 
Boussetta et al., 2013), A-gs, which 
was coupled to DALES to provide a 
dynamic representation of the 
vegetation. Note that plant 
physiological responses were 
affected by the soil-moisture state. 
The A-gs sub-model utilizes a two 
big-leaf (sunlit and shaded) 

Figure 3.1 Virtual cumulus cloud and its shading on 
plants in the simulated land-atmosphere continuum. 
The cloud reduces and partitions the solar radiation 
into direct and diffuse components, leading to different 
levels of photosynthesis (green colors at surface) and 
transpiration (not shown) at the surface. Vertical planes 
show the upward vertical velocity (red) and total 
atmospheric moisture content (blue) as a vertical slice 
through the cloud (i.e., x, y = 2 km). For a regional view 
see Fig. S3.1 in the supporting information. 
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approach (Pedruzo-Bagazgoitia et al., 2017), which simultaneously treats both direct 
and diffuse radiative effects caused by cloud scattering, as well as in-canopy radiative 
scattering (Pedruzo-Bagazgoitia et al., 2017). Furthermore, the A-gs sub-model has 
recently been implemented in the ECMWF global model to account for the land-surface 
CO2 uptake (Boussetta et al., 2013). Cloud-induced scattering was solved by the Delta-
Eddington approach (Joseph et al., 1976), which partitions direct and diffuse 
components based on the incoming shortwave radiation and cloud optical depth. To 
ensure a fair comparison between experiments, the solar inclination angle was fixed at 
zenith, although the amount of radiation depends on the virtual diurnal evolution in 
solar angle (i.e. its path through the atmosphere) representative for mid-latitude 
conditions (Pedruzo-Bagazgoitia et al., 2017). 

In order to ensure that our simulations are representative, we first evaluate our 
numerical experiments with a comprehensive surface and upper atmospheric data set. 
Our comparison entails a holistic view on the sub-daily processes that drive the plant-
atmosphere system, which includes the surface and boundary-layer dynamics. As an 
example, the boundary-layer height evolution (Figure 3.2a) exhibit the integrative 
effects of the surface (Figure 3.2b) and atmospheric processes. The simulated diurnal 
variability of warming (Figure 3.2c) and moistening (Figure 3.2d) further confirms that 
our turbulent-resolved results are able to connect the surface processes with the 
boundary-layer dynamics, by adequately simulating the entrainment of warm and dry 
air into the atmospheric boundary layer.  

The accurate representation of processes and their coupling is key for the 
development and daily cycle of boundary-layer clouds. Buoyancy rates driven by 
atmospheric turbulence provide the necessary energy to form and intensify cloud 
growth. As the measured diurnal evolution of integrated thermodynamic variables 
(Figure 3.2) is close to our virtual simulated atmosphere, and our simulated vegetation-
cloud system covers the myriad of spatiotemporal scales related to plant physiology, 
atmospheric boundary layer and cloud development, it confirms the validity of our 
integrative approach. 

In order to ensure that our results maintain representative and to encompass the 
relevant biophysical aspects, we systematically designed four numerical large-eddy 
simulation experiments that are aimed to unravel the magnitude of sensitivities in the 
vegetation-cloud system: 

 
1. ASYM, our control experiment, represents a realistic asymmetric plant stomatal 

response to light fluctuations (Fig. 1) (Ooba & Takahashi, 2003; Vico et al., 2011; 
McAusland et al., 2015). The asymmetric stomatal response was modelled as 
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relaxation time (Sellers et al., 1996), with a closing (opening) e-folding time of 5 (10) 
minutes and based on observations that encompass a wide range of functional plant 
types (Vico et al., 2011; McAusland et al., 2015). By so doing, we explicitly account 
for the direct effects of light perturbations and its surface feedback to the 
atmosphere on very fine spatiotemporal scales. In this capacity, this experiment is 
the most detailed simulation of the actual feedback that occurs in nature.  

2. INST experiment: an instantaneous plant stomatal response to fluctuating light, 
which is designed to understand the impact of the (asymmetry in) stomatal 
responses. In other words, a lingered plant stomatal surface response might alter 
atmospheric patterns by a change in the surface energy balance. This experiment 
represents an extreme case on which the plant stomata, thus surface energy balance, 
instantaneously responds to changing light, which has subsequent effects on vertical 
atmospheric movements. 

3. DOMAIN experiment: surface fluxes are adjusted at each time step (~2 seconds) 
based on the domain averaged properties of the coupled INST experiment. These 
adjustments ensures that in DOMAIN the energy is conserved and exactly similar to 
INST, but is homogeneously distributed over the entire domain. The focus of this 

Figure 3.2 Diurnal variability of atmospheric state variables measured at Cabauw, the 
Netherlands (25 September 2003), and modeled with DALES. The (a) boundary layer 
height, (b) sensible (red) and latent (blue) fluxes, (c) potential temperature, and (d) total 
specific moisture content are shown as a function of time. In (c) and (d), two measurement 
heights are shown. 
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experiment is to understand how a domain averaged response influences cloud 
properties. It mimics an approach used in numerical weather models that 
parameterize the influence of clouds on radiative transfer and its effects on the 
surface energy balance, though don’t account for the sub-grid effects (i.e., dynamic 
heterogeneity).  

4. TRANS experiment: an extreme case where the clouds were made transparent. This 
experiment represents a radiative uncoupled plant-cloud interaction and gives us 
insight in the significance of the plant-cloud relation in a wide range of atmospheric 
conditions. Furthermore, it can be viewed as an experiment that shows the effects of 
a misrepresentation in the parameterizations of the diurnal cycle in cloud dynamics 
(e.g., radiation, surface and dynamics). 

 
In order to cover a wide range of convective atmospheric structures, these four 

experiments are repeated for five wind speeds, ranging from 0 to 10 m s-1, thereby 
moving from idealized cellular atmospheres to realistic roll-vortex situations (i.e. cloud 
streets) (Sikma et al., 2017). 

 
3.3 Disentangling the plant-atmosphere system: dynamic heterogeneity and 
coupling regimes 

Our central hypothesis is that plants strongly modulate the atmospheric flow in 
distinct convective atmospheres by self-regulation and adaptation. This equilibrates the 
responses of the land-atmosphere system at the sub-daily scales and thereby induces 
relevant effects on cloud cover and atmospheric convective turbulent transport. Due to 
our finding that the plant-atmosphere coupling is strongly affected by wind, we 
systematically build in complexity by starting with the windless situation (Figure 3.1) and 
continue by stepwise analysis of the influence of wind (Figure 3.3). We finish by 
disentangling a characteristic land-atmosphere system for mid-latitude region (Figure 
3.4). 

 
3.3.1 Local coupling 

Under windless conditions, the plant and atmospheric states are intertwined and 
driven by bi-directional dynamic processes (Figure 3.1). Turbulent thermals rising from 
the vegetated surface act as the clouds’ root by facilitating moisture transport, which is 
mainly determined by plant transpiration rates. At the cumulus development stage, 
radiative perturbations modulate the stomatal aperture, thereby affecting local 
transpiration (Fig. S3.3). Combined with a local decrease in surface temperature due to 
reduced solar radiation (Fig. S3.4), surface buoyancy rates diminish, followed by 
reduced updraft strengths in the cloud roots, in turn reducing moisture transport to the 
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mid-troposphere (Figure 3.3a). This dynamic process is most pronounced in windless, 
convective cellular atmospheres, where cumuli hover directly above their shade and 
horizontal mixing is minimal (Figure 3.1, S3.1), thereby resulting in a local coupling. In 
this windless and rooted system, clouds become shallower and their horizontal extent 
is smaller, which is reflected in a decrease in moisture transport (inset Figure 3.3a) and 
cloud cover (inset Figure 3.3b) of around 56% and 14% (i.e. TRANS vs ASYM), 
respectively. Note that as a result of hovering cumuli and the low chance of new cloud 
development over the same surface area due to weakened turbulent thermals, plants 
are able to recover their pre-cloud state. As regards ASYM, this process is delayed due 
to the asymmetric stomatal response, hence the difference of ~3% compared to INST 
(inset Figure 3.3a). 

Especially in cellular convective atmospheres, the location of the perturbed plant 
response proves to have a crucial influence on cumulus development. Our DOMAIN 
experiment, where the cumulus-perturbed surface energy from INST is homogeneously 
distributed, shows quantitatively that moisture transport (41%) and cloud cover (6%) 
continue to be overrepresented (insets Figure 3.3). This demonstrates that the regional 
convective atmospheric structure, which is closely related to the spatial cloud 
population, is predominantly influenced by local surface perturbations rather than its 
averaged state. 

Figure 3.3  Impact of plants on vertical moisture transport toward the mid troposphere and 
cloud cover represented for a wide spectrum in wind conditions. The temporal evolution of 
the total moisture flux (i.e., over whole domain of 48 km × 48 km) from cloud base to cloud 
top is shown for (a) cellular and (b) roll vortex-dominated atmospheres. The insets show the 
overestimation of (a) the moisture flux and (b) cloud cover compared to the ASYM 
experiment (green crosses) in a range of atmospheric convective structures during the 
maximum cloud cover period (i.e., 13:30–15:30 UTC). The acronyms are described in the 
text and refer to changes in plant stomatal responses or homogenization of surface fluxes. 
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3.3.2 Transition regime 

In the transition from cellular-dominated atmospheres to fully developed 
atmospheric rolls (i.e., under a wind speed regime of 2.5—7.5 m s-1), the plant-
atmosphere coupling weakens, revealing the pivotal role of the synoptic atmospheric 
structure in determining the strength of the plant-atmosphere coupling and subsequent 
preconditioning of deep convection. In this transitional atmospheric convective state, 
the synergy between vegetation and atmospheric state is perturbed, reducing the 
overestimation of moisture transport (inset Figure 3.3a). In spite of this decline, dynamic 
surface heterogeneity still influences cumuli development, as indicated by the 
misrepresentation of as much as 12% when the stomatal asymmetric response is 
omitted (inset Figure 3.3a; INST vs ASYM). Since most plant species respond 
asymmetrically to radiative perturbations (Vico et al., 2011; McAusland et al., 2015), and 
their responses are well within the characteristic turbulent time-scales of cumulus 
convection (i.e., 15-30 min), a lingered surface response emerges (Figure 3.3a; i.e., 
dynamic surface heterogeneity). However, in this transitional state, clouds move too 
slowly to maintain the lingered surface impact, as no new cloud passes within the time-
span of stomatal recovery (i.e., within 10 min). As a result, the plant-atmosphere-cloud 
coupling is weak. 

  
3.3.3 Regional coupling 

Moving on in complexity, the effect of the asymmetric plant response once again 
becomes pronounced when horizontal convective rolls develop and cloud streets form 
in alignment with the mean horizontal flow (i.e., 10 m s-1). By analyzing all of the 
modelled surface grid points (~1 million per case) at 14 UTC (Figure 3.4), we discover 
spatial and dynamic relationships between asymmetric plant responses and cloud-
induced radiative perturbations that stabilize the plant-atmosphere-cloud system 
(Figure 3.4b-c). In this situation, the plant-atmosphere coupling is strongly influenced 
by the spatial distribution in cloud population and subsequent regional heterogeneity 
in surface energy. The combination of strong winds and shear-induced cloud tilting in 
the entire cloud layer, which latter impacts the radiation distribution and increases the 
shaded surface area, results in cloud streets that initiate a streaky dynamic surface 
heterogeneity aligned with the clouds’ path (Figure 3.4a, S3.2). As a direct result of the 
roll-vortex flow, more cumuli pass over the same surface area within the period of 
stomatal recovery (i.e., within 10 min), which hampers the full return of the plants to their 
optimal state (Fig. S3.2). On the one hand, surface energy and transpiration and carbon 
uptake rates are reduced in the cloud-affected surface streak areas, while on the other, 
both those rates and the surface energy are maximized in the neighboring areas of clear 
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sky (Figs. S3.2, S3.5). Paradoxically, this leads to a positive contribution to regional 
water-use efficiency (WUE), compared to an instantaneous response (Figure 3.4c; see 
stabilization of WUE with increasing EF). The locked spatial surface pattern as a 
response to the atmospheric convective state introduces a bi-directional dynamic but 
significant coupling between plants and cumuli, which greatly reduces mid-
tropospheric moisture transport. As shown in the inset of Figure 3.3a (i.e., 10 m s-1; 
Rolls), the large reduction in moisture transport is of the same order of magnitude as 

Figure 3.4 Plant responses to atmospheric and cumulus-driven perturbations in roll vortex-
dominated atmospheres. An instantaneous snapshot of the surface responses to cloud 
shading (i.e., dynamic heterogeneity) and atmospheric perturbations under 10 m s-1 wind 
conditions is shown at 14 UTC; a time with maximum cloud cover and development. In (a) a 
spatial zoomed (25 km × 25 km) representation of four selected surface variables is shown, 
with a visualization of the cloud optical thickness on top. Water-use efficiency is defined as 
WUE = −An/LE, where An denotes assimilation of CO2 and LE the latent heat flux, and the 
evaporative fraction as EF = LE/ (H + LE), with H denoting the sensible heat flux. Values 
above EF = 1 result from optically very thick clouds that cool the surface such that H 
becomes negative. In (a) and (b), all simulated surface grid points (921,600) of the total 
domain (48 km × 48 km) are aggregated. In (b) the relationship between canopy 
conductance (gc) and canopy temperature (Tc) is visualized, while (c) shows the relationship 
between water-use efficiency and evaporative fraction at 14 UTC. The color gradient 
denotes cloud optical thickness (τ) for the INST (blue) and ASYM (red) experiments in roll 
vortex-dominated atmospheres. Surface points directly beneath clear sky are shown as 
black. Note that the increase in gc under optically thin clouds is the result of an increase in 
the diffuse component (Pedruzo-Bagazgoitia et al., 2017). See Fig. S3.6 for a cellular-
dominated atmosphere. 
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the underestimation of the INST situation, resulting in a relative net overestimation close 
to zero (i.e., INST vs ASYM). In other words, the streak-wise surface pattern locks 
(dampens) the atmospheric flow (convection), which causes the plant-atmosphere-
cloud system to couple, resulting in a significant decrease in mid-tropospheric moisture 
transport similar to that of the INST case. This confirms our central hypothesis, and 
demonstrates the ability of plants to regulate the land-atmosphere system, which has 
substantial consequences for the regional hydrological and carbon cycles (Figure 3.3 & 
Figure 3.4). This key finding stresses that the mechanisms of ASYM and INST that lead 
to the almost equal reduction in mid-tropospheric moisture transport are distinct and 
differ greatly at the surface (Figure 3.4b-c) 

 
3.4 Moving forward in land-atmosphere interaction studies 

Our approach paves the way to a deeper understanding of local land-atmosphere 
interactions and gives insight in the spatiotemporal interactions on a wide range on 
scales. However, to systematically break down the complexity of the feedback systems 
and to mimic similar conditions as in numerical weather prediction models, we made 
assumptions in the representations of the radiation transfer and stomatal responses. 

In our study, the solar inclination angle was fixed at zenith, while the amount of 
radiation depends on the virtual diurnal evolution in solar angle (i.e., its path through 
the atmosphere). Furthermore, our simulations employed a one-dimensional radiative 
transfer code (see Fu & Liou, 1992; Heus et al., 2010). These assumptions were 
necessary to make our experiments computational feasible and to understand the 
impact of the multilateral interactions in the plant-atmosphere system. As regards the 
latter, following this systematic approach gave us insight in the delayed feedback 
between plant stomatal responses, wind shear and speed, thus cloud movement, tilting 
and organization. 

Although our numerical experiments reach a high-level of detail and explicitness, 
they miss the effects associated to three-dimensional radiative processes, as for instance 
lateral cloud scatter or cloud shading effects based on the diurnal change in solar 
inclination angle. Although this also has not been accounted for in regional and global 
weather models, it is known to influence in-canopy processes that ultimately affect the 
overlying atmosphere. For instance, Jakub & Mayer (2017) show that the three-
dimensional radiative effects on the surface leads to the organization of cumulus clouds 
streets, while a three-dimensional in-canopy radiative transfer can improve modelled 
photosynthesis levels (Kobayashi et al., 2012). In relation to plant physiology, our 
representation of plant responses includes the essential response to light, temperature 
and water vapor changes. However, we foresee that future plant physiological studies 
can improve this description of these responses at the leaf level (e.g., Morales et al., 
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2018), as well as the spatial distribution of stoma in the leaf to improve the gas exchange 
(de Boer et al., 2016). 

Finally, and in relation to the transfer of our results to large-scale model, numerical 
weather prediction models generally account for the cloud shading effects through a 
decrease in shortwave radiation (i.e., our DOMAIN case) (Jiménez et al., 2016). 
However, biases are present in the global horizontal irradiance (Jiménez et al., 2016; 
Fig. 4b therein). The inclusion of a correction reduced the bias, but it might as well be 
caused by compensating errors, as sub-grid cloud (e.g., cumulus) parameterizations are 
prompt to errors (Lenderink et al., 2004).  

 
An inaccurate representation of the radiative transfer might affect the partitioning in 

direct and diffuse radiation as well as the surface energy, which reduces the accuracy of 
regional and global numerical weather prediction models (Bauer et al., 2015) and 
impact our estimation of the carbon terrestrial sink (Le Quéré et al., 2009). Nevertheless, 
in order to include detailed land-atmosphere processes described in this study in 
coarser grid-size models, our findings need to be parameterized. Data from our large-
eddy simulations is available for future studies to define, for instance, probability density 
functions to account for cloud shading effects and its relation to the mass flux 
representation, which ultimately can be used to improve its representation in larger 
scale models. 

 
3.5 Conclusion 

The ability of plants to regulate atmospheric perturbations under a wide range of 
atmospheric convective situations indicates that a dynamic relationship exists between 
plants and the atmospheric boundary layer. This relationship stabilizes the plant-
atmosphere system and, in structured convective atmospheres (i.e., from cells to rolls), 
is capable of locking vegetation patterns together with atmospheric convective 
conditions. The asymmetric response of the plant stomata is a key process in this 
interaction, as it influences the preconditioning of deep convection by affecting the mid-
tropospheric moisture transport under cellular and roll vortex-dominated atmospheric 
conditions. Due to the direct link between photosynthesis and transpiration, carbon and 
hydrological balances are liable to failures if the plant-coupling is misrepresented. Our 
results demonstrate for the first time the need to study the plant-cloud continuum 
holistically based on first-principles and explicit calculations of the biophysical 
atmospheric processes. By interconnecting spatiotemporal scales, we show that 
uncertainties associated with moist convection can be greatly reduced. 
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Figure S3.1 Instantaneous horizontal cross-sections at the surface for the ASYM case at 14 
UTC. In a) the canopy conductance (gc), b) canopy temperature (Tc), and c) vertical wind speed 
(w) at 900 m (i.e., mid-ABL) are shown for a cellular- dominated atmosphere (i.e., 0 m s-1). The 
purple to blue contour lines represent an instantaneous snapshot of cumulus growth at 14 
UTC. The lower panels (d-f) are identical in terms of horizontal cross-sections as a-c, but differ 
in the representation of cumulus (contour lines), which is shown as a summation over the 
previous half hour (i.e. 13.30-14 UTC). 
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Figure S3.2 Same as in Fig. S3.1, but for a roll vortex-dominated atmosphere (i.e., 10 m s-1). 

Figure S3.3 Plant stomatal response 
to photosynthetic active radiation 
(PAR) during the maximum cloud 
cover period for the ASYM case. The 
a) canopy conductance and b) direct 
and diffuse components of PAR are 
shown versus cloud optical thickness. 
The vertical dotted lines represent 
the maximum cloud optical thickness 
for the canopy conductance to 
increase, caused by an enhanced 
diffuse PAR component. 
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Figure S3.4 Surface and plant responses to cumulus shading for the ASYM case. The 
left-hand panels (A) show a surface grid point at which an optically thick cloud develops 
at around 14 UTC. Regarding radiation (upper panel), direct PAR is greatly diminished, 
while diffuse PAR increases, especially during the optically thin period. The plants 
(middle panel) respond by reducing their photosynthesis levels (An) and canopy 
conductance (gc). Regarding gc, note the brief increase during the period of high 
diffuse radiation. The surface energy components (lower panel) display a distinct drop 
in the sensible heat flux (H), and to a lesser extent, in the latent heat flux (LE). This 
response is mainly due to the direct relationship of canopy temperature (Tc) to H. In the 
right-hand panels (B), the same variables are shown for an optically thin cloud. The 
main differences are found in the positive gc response and in the reduced impact on 
the surface energy balance and photosynthesis rates. 
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Figure S3.5 Temporal evolution of conditionally sampled carbon assimilation and latent 
and sensible heat fluxes. For a wide range of wind conditions (i.e., 0 to 10 m s-1, with steps 
of 2.5 m s-1), the surface data is aggregated on the basis of the effects of cloud perturbations 
sampled by cloud optical properties. Thin clouds are defined as clouds with an optical 
depth below 15, while thick clouds are defined as clouds with an optical depth greater than 
15 (see for details Fig. S3.3 & S3.4). The clouds impact is determined at the surface, thereby 
taking into account the temporal and spatial extent due to lingered stomatal responses (Fig. 
S3.2). The data are then averaged (thick lines) and the standard deviation is visualized as a 
colored spread. The upper panels show a) carbon assimilation, b) latent heat flux and c) 
sensible heat flux regarding the INST case. The lower panels show the same for ASYM. Main 
features are the increased carbon assimilation (a) and transpiration (b) for thin clouds, and 
the strong negative effects of thick clouds in the INST case. No clear effects of ASYM on the 
carbon assimilation and transpiration are found, while a dampened response is present due 
to optically thick clouds. No distinct effects are found in the sensible heat flux for both cases, 
which is mainly radiation-driven. 
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Figure S3.6 Plant and surface responses to atmospheric and cumulus-driven perturbations 
in cellular-dominated atmospheres. An instantaneous snapshot of the surface responses to 
cloud shading and atmospheric perturbations under windless conditions is shown at 14 
UTC; a time with maximum cloud cover and development. In a) and b), all simulated surface 
grid points (921600) of the total domain (48 km x 48 km) are aggregated. In a) the 
relationship between canopy conductance (gc) and canopy temperature (Tc) is visualized, 
while b) shows the relationship between Water-Use Efficiency and Evaporative Fraction at 
14 UTC. The Water-Use Efficiency is defined as: WUE= -An / LE, where An denotes the 
assimilation of CO2 and LE the latent heat flux, and the Evaporative Fraction as: EF=LE / 
(H+LE), with H denoting the sensible heat flux. Values above EF=1 result from optically very 
thick clouds that cool the surface such that H becomes negative. The color gradient 
denotes cloud optical thickness (") for the INST (blue) and ASYM (red) experiments in 
windless (i.e., cellular) atmospheres. Surface points directly beneath clear sky are shown as 
black. Note that the increase in gc under optically thin clouds is the result of an increase in 
the diffuse component (Pedruzo-Bagazgoitia et al., 2017). 



This chapter has been submitted for review with H. Ikawa, B.G. Heusinkveld, M. Yoshimoto, T. Hasegawa, L.T. 
Groot Haar, N.P.R. Anten, H. Nakamura, J. Vilà-Guerau de Arellano, H. Sakai, T. Tokida, Y. Usui and J.B. Evers 

 

 
4  

Quantifying the feedback between rice architecture, 
physiology and microclimate under current and future 

CO2 conditions 
 

 
 
To assess the micro-meteorological consequences of rice variety choices in relation to 

rising CO2 associated to climate change, we quantified the interplay between rice 
architecture, physiology and micro-climate in current (~385 μmol mol−1) and future (~580 
μmol mol−1) CO2 micro-environments. Two rice varieties contrasting in canopy structure and 
physiology were grown embedded in irrigated rice paddies, under elevated CO2 (using a 
Free-Air CO2 Enrichment (FACE) facility) and ambient CO2 conditions. The high-yielding 
indica variety Takanari is more photosynthetically active and characterized by a more open 
canopy than a commonly cultivated variety Koshihikari. Our results show a strong diurnal 
interplay between solar angle, canopy structure, plant physiology and the overlying 
atmosphere. Plant architecture was identified as a strong determinant of the relation 
between plant physiology and micro-climate, that in turn affects the surface forcing to the 
overlying atmosphere. Takanari was able to maintain lower canopy temperature both in 
current and future CO2 owing to the greater atmospheric mixing and stomatal conductance 
than Koshihikari. In the perspective of food security, a shift to such a higher-yielding variety 
would have consequences on the regional surface energy balance, which subsequently 
might alter regional weather.  
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4.1 Introduction 
All terrestrial biosphere processes and their interactions exist due to the stabilizing 

and damping response to solar radiation. From the industrial revolution onwards, 
human pressure on the biosphere system has dramatically increased, causing a 
destabilization of biosphere processes and their interactions, resulting in the average 
global temperature to rise (Höhne et al., 2011). In this respect, one might consider the 
influence of humans as an additional internal forcing to the biosphere system. The 
global anthropogenic environmental footprint is expected to increase in coming 
decades resulting from global population growth and increasing living standards 
(Hoekstra & Wiedmann, 2014). Food demand will dramatically increase (e.g., Godfray 
et al., 2010; Tilman et al., 2011), anthropogenic and temperature-driven land-cover 
changes will occur (e.g., Pielke et al., 2016), which in turn will impact the local and 
regional radiation balance causing a change in weather patterns (e.g., Mahmood et al., 
2014; de Kok et al., 2018). To anticipate on these changes, a detailed understanding of 
the consequences of these actions is of great importance, to be able to predict future 
biosphere changes and their consequences.  

A key strategy towards increased food crop production involves increases in crop 
photosynthesis rates (e.g., Ort et al., 2015). Rice (Oryza sativa), is one of the three most 
important food crops (next to maize and wheat) and is a dominant landscape feature in 
many parts of the world. In addition, most of the rice in the world is grown in so-called 
paddy systems where soil is covered by water through much of the season.  As such it 
has a strong surface forcing on regional weather through its high-water usage. For 
example, Ikawa et al. (2017) revealed that evapotranspiration from Japanese irrigated 
rice fields amounted to 80-90% of the seasonal precipitation, which is around one third 
of the annual precipitation in Japan. Especially in developing regions that are strongly 
affected by climate change and that experience excessive population growth rates, 
improving crop productivity and yields can have vast consequences on the regional 
weather and climate through changes in the regional energy balance. Ultimately, this 
might affect regional crop productivity and influence yields in turn. 

In the agricultural sciences, the impact of a future climate on crop yields is 
determined by analyzing current crop responses (Knutti et al., 2010; Yin, 2013; Li et al., 
2015). Future yield projections are developed taking into account those current 
responses, but do not consider the non-linear feedback of the crop to the changing 
atmosphere (e.g., Houghton et al., 2001; their Fig. 3; Rial et al., 2004; their Fig. 1). By so 
doing, weather is treated as long-term statistics. Local and regional variability is 
simplified to seasonal averaged or accumulated quantities of, for instance, temperature, 
precipitation or radiation (e.g., Pielke et al., 2007). In this respect, local weather 
phenomena are explained by general climate characteristics of a specific region. This 
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top-down approach eliminates the variability in crop responses to local weather (Pielke 
et al., 2007), which makes it difficult to determine their feedback on climate. To be able 
to assess that feedback, first a bottom-up approach is needed, in which the effects of 
crops on their micro-environment are identified. In rice, differences in canopy structure 
and physiology between varieties have been documented to have an effect on canopy 
functioning (e.g., Chen et al., 2014). However, to which extent these differences are 
caused by changes in canopy climate, and how this will change in future biosphere 
conditions is unclear. Therefore, in this study, we aimed to quantify the micro-
meteorological consequences of crop variety choice and their responses to rising CO2 
levels. The micro-climate of two distinct rice varieties, that strongly differ in both their 
architectural structure and physiological traits, was investigated for current and future 
(year ~2050) CO2 levels. In this study, the micro-climate is defined as the atmosphere 
directly affected by plant responses and structure (i.e. from 0-2 m above surface). The 
plants were grown embedded in irrigated rice paddies managed by Japanese farmers, 
to ensure that our findings reflect normal agronomic practices as they on the large scale 
in Japan. Future CO2 levels were mimicked by a Free-Air CO2 Enrichment (FACE) facility 
(Nakamura et al., 2012). We expected that these trait difference between these two 
varieties will result in different atmospheric interactions, and that the effect of elevated 
CO2 on local microclimate will also differ between them.   

 
4.2 Materials and methods 

 
4.2.1 Site description and crop characteristics 

In order to quantify the impact of plant architectural and physiological effects on the 
micro-climate, an experiment was conducted at the Tsukuba Free-Air CO2 Enrichment 
(FACE) facility in Tsukubamirai, Ibaraki Prefecture, Japan (35˚ 58’N, 139˚ 60’ E; 10 m 
a.s.l.; soil type: fluvisol) between May and September 2015 (Nakamura et al., 2012). The 
site represented typical Japanese flood-irrigated rice (Oryza sativa) fields under humid 
subtropical conditions. The wet season was in June and September, while July and 
August temperatures were relatively dry with much sunshine. Four blocks were 
allocated in the rice fields, with each block containing one octagonal FACE plot and one 
ambient replicate (i.e., control plot) both with a diameter of 17 m (i.e., ~240 m2). Pure 
CO2 was fumigated from the peripheries of the octagonal rings by two horizontal tubes 
to ensure an average target elevation of 200 μmol mol−1 during daylight conditions 
compared to ambient conditions. The plots were separated by at least 70 m to minimize 
cross-contamination. During the months July and August, the average CO2 

concentration ([CO2]) ± day-to-day standard deviation was 384 ± 12.5 μmol mol−1 in the 
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ambient control with 578 ± 18.5 μmol mol−1 in FACE. The latter reflects the expected 
global CO2 level in 2050 based on the RCP4.5 IPCC scenario (IPCC, 2014). For further 
details regarding the Tsukuba FACE system, see Nakamura et al. (2012) and Hasegawa 
et al. (2016). 

Within the plots, two distinct rice varieties were grown; Koshihikari, a commonly 
grown Japanese japonica variety, and Takanari, a high yielding indica variety. Both 
Takanari and Koshihikari were transplanted by hand at a spacing of 30 cm (between 
rows) x 15 cm (along the row) with a resultant density of 22.2 hills per m2 and grown in 
rows with a North-South orientation in an area of at least 3 m2 (Fig. 4.1). Takanari has 
been identified as a potential future candidate to increase rice grain yield in Japan. 
Compared to Koshihikari, Takanari maintains higher levels of (leaf) photosynthesis (e.g., 
Chen et al., 2014) and exhibits higher stomatal conductance (30-40%) (Hasegawa et al., 
2013; Chen et al., 2014; Ikawa et al., 2018), resulting in an increase in yields levels of up 
to 21% (Hasegawa et al., 2013). Furthermore, Takanari is able to achieve higher 
productivity in elevated [CO2] conditions, due to its high sink capacity and 
photosynthetic activity, and showed greater yield enhancement under elevated CO2 
compared to Koshihikari (Hasegawa et al., 2013; Chen et al., 2014; Zhang et al., 2015; 
Nakano et al., 2017). Leaf area index (LAI) of both varieties ranging from approximately 
4 to 5 m2 m-2 in July to August, 2015, and a previous study from our FACE system 
reported LAI did not differ between Koshihikari and Takanari, despite a large difference 
in in-canopy light interception (Muryono et al., 2017).  

 
 

Figure 4.1 A top-down photograph of the a) Koshihikari and b) Takanari canopy during 
early-grain filling stage. Takanari has more erect leaves resulting in a more open canopy 
compared to Koshihikari, as visualized in the illustrative insets. The points represent the 
measurement heights for air temperature, relatively humidity, CO2 concentration and 
photosynthetic active radiation. 
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4.2.2 Micro-climate measurements 
From June to September 2015, detailed in- and above-canopy micro-climate 

measurements were performed in one elevated [CO2] and one ambient plot. In the 
middle of each Takanari and Koshihikari plot, air temperature (Ta), relative humidity (RH) 
(RX-350TH, As One Co., Japan) and photosynthetically active radiation (PAR) (Apogee 
SQ-110; data logger: Decagon ECH2O EM50) were measured every minute at four 
heights (30, 60, 90 and 120 cm above soil surface). [CO2] was also measured (LI-820, LI-
COR INC., U.S.A.) at those four heights, although only one height was analyzed per 
minute, resulting in one [CO2] measurement per four minutes per height. Furthermore, 
due to limited availability of [CO2] profilers, the sensors were moved between 
Koshihikari and Takanari weekly. Water temperature (Tw) sensors (Platinum resistance 
thermometer Pt100) were located at the bottom of ponding water (i.e., on the soil 
surface) in each plot and variety, and measured continuously throughout the season 
every 10 minutes. The water depth was relatively constant at around 8 cm. At the North-
Western (downwind) border of both ambient and elevated CO2 plots, an eddy-
covariance system (IRGASON Campbell U.S.A) was installed 15 cm above canopy top, 
measuring CO2 and H2O, sonic temperature and 3D wind at 50 Hz. Raw IRGASON data 
was processed to half-hourly fluxes with the software package EddyPro (LI-COR INC., 
U.S.A.). The IRGASON was manually raised with increasing canopy height every week 
such that it was consistently 15 cm above the canopy. Due to the relatively small 
experimental area, it was not feasible to perform separate flux measurements for both 
Takanari and Koshihikari in ambient and FACE conditions. As a consequence, our flux 
results are an aggregation of responses from the two varieties (note this only applies to 
the IRGASON, all other measurements were done separately per variety), but the FACE 
and ambient plots were measured separately. Nevertheless, to our knowledge, surface 
energy flux measurements in a FACE setup have not been performed, although they 
have been estimated using modelling approaches (Yoshimoto et al., 2005; Ikawa et al., 
2018). Because the surface flux measurements were performed close to canopy top due 
to the limited size of each experimental plot, data sampling was performed at high 
frequency (50 Hz) to resolve relatively small turbulence. Canopy temperature (Tc) was 
measured every minute by an infrared radiative thermometer (MI-230, Apogee 
Instruments Inc., U.S.A.) under an angle of 45 degrees pointing South (to ensure no 
contamination by the water temperature) from mid-July to mid-September (i.e., 
harvest). 

 
4.2.3 Data selection 

In-canopy rice micro-climate conditions are strongly affected by the regional 
atmosphere, the vegetative state and canopy architecture. To ensure a fair micro-
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climate comparison between Koshihikari and Takanari, variations in those influencers 
need to be limited. Following from  our data (Sikma, 2019), we found the period of mid-
July till mid-August to be most suitable for a significant and representative evaluation: 
from mid-July onwards, Koshihikari and Takanari had reached their maximum height of 
91 and 86 cm, respectively (i.e., no changing canopy height dependency in our data) 
and were close to flowering and part of the season where green LAI and associated 
photosynthesis are maximal. Furthermore, during this period variations in weather 
conditions were relatively minor and many clear and partly cloudy days occurred. 
Therefore, as a next step, the data were clustered based on radiative conditions (i.e., 
clear sky, partly cloudy) and aggregated as shown in Fig. 4.2. In total, six clear sky days 
(26, 27 July; 1, 2, 5, 7 August) and seven partly cloudy days (24, 25, 30 July; 10, 11, 16, 
19 August) were chosen for analysis. The data has been additionally checked on wind 
direction and speed, to ensure no cross-contamination from FACE to ambient site 
occurred. In the remainder of this study, all micro-climate data are aggregated based 
on these two categories of radiative conditions. In the following two sections, we first 
focus solely on a clear sky weather regime as in these conditions the plant-atmosphere 
relations are pronounced. This is followed by a shorter description of the partly cloudy 
weather regime.  

 
 

Figure 4.2 The diurnal evolution of above canopy photosynthetically active radiation (PAR) 
data aggregated and clustered based on radiative conditions, as described in the 
methodology. In a) the clear sky situations are shown, while b) shows the partly cloudy (i.e., 
cumulus) situations. Thick scatter points denote the average radiation, while the small 
scatter points indicate the minimum and maximum radiation on those days. The colored 
spread shows the standard deviation of the clustered data. 
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4.3 Results and Discussion 
 

4.3.1 In-canopy micro-climate in current conditions 
The different vertical structures of Takanari and Koshihikari (Fig. 4.1) resulted in 

distinct in-canopy radiative conditions, as apparent from the temporal distribution of 
photosynthetic active radiation (PAR) (Figs. 4.3a-c). Especially at 30 cm above ground 
level (AGL) PAR levels were low throughout the day, with the exception when the sun 
was at zenith. Furthermore, Takanari showed more sun spikes than Koshihikari, resulting 
from its more open canopy structure, despite LAI being similar (ranging from 4 to 5 m2 
m-2 in July & August, 2015). Light levels declined much more steeply in the canopy of 
Koshihikari than in the canopy of Takanari. At 60 cm AGL —around 2/3 of the canopy 
height— the largest differences were found between the varieties with many sun flecks 
from leaf blocking for Koshihikari, while the open structure of Takanari resulted in up to 
three times higher levels of PAR at this depth. Close to canopy top (90 cm AGL), the 
difference in PAR between both varieties decreased. Takanari on average intercepted 
less radiation and PAR at this height was closer to the maximum available PAR, while 
sun flecks were more common in Koshihikari. Overall, higher levels and a less steep 
extinction of PAR when moving from the top to the bottom of the canopy were found in 
Takanari (Figs. 4.3d and 3e).  

The in-canopy micro-climate is influenced by both the plant architectural structure as 
well as its physiological response to external perturbations. With Takanari having an 
open canopy structure and higher photosynthesis rates and transpiration levels as 

Figure 4.3 The diurnal evolution of in-canopy photosynthetically active radiation (PAR) during 
clear sky days of Koshihikari (blue) and Takanari (green) at a) 30cm, b) 60cm and c) 90cm above 
soil. Note: d), e), f) are stand-contained figures showing the PAR relation over the four 
measurements heights (i.e., 30, 60, 90, 120 cm). d) the PAR in-canopy profiles normalized with 
above canopy PAR for 9, 12 and 15LT (15min averaged). e), the absolute values of d). f), the 
ratio Takanari ambient (TA) vs Koshihikari ambient (KA) is visualized over three time stamps. 
The average height of Koshihikari was 91 cm, while Takanari was slightly shorter with 86 cm. 
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compared to Koshihikari (Chen et al., 2014), we expected vast differences in the diurnal 
in-canopy micro-climate. In the morning, the open canopy structure of Takanari allowed 
for increased radiative penetration as well as convective mixing, but for Koshihikari this 
mixing was hampered by the more closed canopy of this variety. Resulting from a 
reduced radiative in-canopy interception, daytime in-canopy temperatures of 
Koshihikari were lower compared to Takanari (Fig. 4.4a). However, lower (~0.5 degree 
C) leaf temperatures were found in Takanari, which likely resulted from the higher 
stomatal conductance of Takanari and its associated higher evaporative cooling rates 
known for this variety (Ikawa et al., 2018). Paradoxically, this did not result in a more 
humid canopy (Fig. 4.4b). In the case of Koshihikari, the relatively closed canopy likely 
hampered the vertical exchange of air, which may have resulted in a build-up of in-
canopy moisture by evapotranspiration. The latter most likely did not occur as much in 
Takanari due to its open canopy structure, resulting to small above- and in-canopy 
differences in absolute humidity. 

A strong interplay between canopy structure and solar angle was observed in the 
diurnal evolution of the temperature and absolute humidity (Figs. 4.4c & 4.4d). With the 
North-South row orientation and the sun at a Southerly position during zenith (i.e., ~12 
local time), more direct radiation was able to reach the lower in-canopy leaves and 
stems, as well as the soil and water surface, causing the vertical in-canopy temperature 
differences to decrease (Figs. 4.4a & 4.4c). In Koshihikari, the warming effect was more 

Figure 4.4 The diurnal evolution of the difference in in-canopy temperature (T; red) and 
absolute humidity (AH; blue) between Koshihikari ambient (KA) and Takanari ambient (TA) 
in clear sky conditions. In a) and b), the difference in the diurnal evolution in vertical profiles 
between Koshihikari ambient and Takanari ambient are shown for temperature and 
absolute humidity, respectively. In c) and d), the diurnal difference between KA and TA for 
all heights are shown. Scatter points are retrieved from actual measurements, while the 
lines represent a moving average (15min). 
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pronounced due to a higher canopy temperature that raises in-canopy temperatures 
compared to Takanari. During the afternoon, the effects of the increased water 
temperature became apparent when evaporation rates increased, resulting in humid 
Koshihikari in-canopy conditions (Fig. 4.4d). However, due to an increase in in-canopy 
air temperature of Takanari, which was the result of warm and dry air advection from a 
nearby city (explained in more detail later), absolute humidity levels were reduced. Due 
to the relatively closed canopy top, Koshihikari was less affected, hence the higher 
absolute humidity levels. 

Strong differences were visible in the diurnal uptake rates of CO2 inferred by CO2 

concentration ([CO2]) profile measurements (Fig. 4.5). During night time, [CO2] 
increased as a result of plant respiration and the absence of wind (peaks observed in 
Fig. 4.5), causing thermal stratification by cooling above the canopy. At sunrise, 
turbulent mixing started and photosynthesis activated, reducing the [CO2]. Our results 
show the strong effect of canopy structure (i.e. mixing) and leaf physiology on the in-
canopy [CO2] (zoomed-in sections in Fig. 4.5). Takanari likely had higher photosynthetic 
activity (i.e. uptake rates) compared to Koshihikari, with Takanari having nearly similar 
[CO2] at 30 and 60 cm. This confirms the higher CO2 assimilation of Takanari than 
Koshihikari (Chen et al., 2014). From 90 cm upwards, atmospheric mixing leads to 
increased CO2 levels, although the youngest (i.e. active) leaves were found around 90 
cm during this growing stage. Although Koshihikari is less photosynthetically active (~-

Figure 4.5 Diurnal evolution of CO2 concentration [CO2] for Koshihikari (left) and Takanari 
(right) at four measurement heights at ambient. The lower panels show a zoom over the 
daylight period (i.e., 6 to 18 LT). Scatter points represent all data, while the lines show a 
moving average of 15 min. 
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20% compared to Takanari, Chen et al., 2014), reduced vertical mixing allowed for 
relatively low [CO2] at 90 cm, which were comparable with values found at 30 cm. Note 
that the reason for the similar CO2 levels likely differ: photosynthetic uptake rates at 30 
cm were reduced, while atmospheric mixing polluted the uptake signal at 90 cm. 
Minimum levels of [CO2] were found at 60 cm, where the impact of atmospheric 
exchange was less, resulting in higher uptake rates. 

 
4.3.2 The effects of increasing CO2 on the micro-climate 

Increasing atmospheric levels of CO2 cause the difference in partial pressure 
between plant intercellular and atmospheric levels to increase (Strain & Cure, 1985; 
Ainsworth & Rogers, 2007). As a consequence, the plants stomatal aperture narrows, 
with the subsequent effect that leaf temperatures start to rise due to decreased 
transpirational cooling. Especially during the flowering and grain-filling period of rice, 
this process might have consequences on grain quality and yield, as increased air 
temperatures can cause spikelet sterility (e.g., Satake & Yoshida, 1978) and exacerbate 
heat-induced damage in grain appearance quality (Usui et al., 2016). 

Understanding the intrinsic relationships between rice micro-climate, physiology and 
morphology is vital in future yield and regional weather projections. In this section, we 
investigate the effects of an increase in [CO2] (to ~580 μmol mol-1; levels expected in 
the year ~2050) on the micro-climate of Koshihikari and Takanari. Note that, due to the 
focus of this study on current and future CO2 levels, we did not account for other aspects 
of climate change, like increased air temperature and a change in radiation partitioning 
(e.g., diffuse, direct) or in the atmospheric dynamics. 

The diurnal cycle in near-surface air temperature was closely related to the canopy 
temperature. For both varieties, a near-linear increase in both canopy and above-
canopy air temperature was found during morning (Fig. 4.6a). Especially Koshihikari 
reached high canopy and air temperatures up to ~31 degree C, while Takanari 
stabilized around ~30 degree C (circles above one-to-one line in Fig. 4.6a). In elevated 
[CO2], Koshihikari experienced stronger warming effects than Takanari. Normally 
during the afternoon, a sea breeze initiated advection of warm and dry air from a 
neighboring city, which delayed the decline in air temperature as would be expected 
from the daily-cycle in canopy temperature and radiation. Due to reduced winds 
speeds, the role of advection diminished during night time. 

The high stomatal conductance, thus transpirational cooling of Takanari (e.g., Ikawa 
et al., 2018) becomes evident in the diurnal course of canopy temperature (Fig. 4.6b). 
Throughout the day, Takanari maintains a lower canopy temperature, while the canopy 
temperature of Koshihikari showed a strong increase (Fig. 4.6b). Furthermore, an 
increase in [CO2] to ~580 μmol mol−1 caused the average day-time canopy temperature 
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to increase but this effect was larger in Koshihikari (~0.5 C) than in Takanari (~0.3) (Fig. 
4.6c). On warm days, this increase even went up to periods of ~1 degree C for both 
varieties. 

These warming effects of CO2 elevation can have negative impacts on yields e.g. 
through acceleration of seed development or occurrence of spike sterility (e.g., Julia & 
Dingkuhn, 2013). Long-term FACE data analysis showed that yield enhancement by 
elevated [CO2] (fertilization) was reduced by the increase in temperature during the 
grain filling (Hasegawa et al., 2016) and grain quality was severely reduced by elevated 
[CO2] notably in hot years (Usui et al., 2016). Our results suggest that a shift to Takanari 

Figure 4.6 Relation between above-canopy air temperature and canopy temperature 
(measured under an angle of 45˚). Warm colors represent FACE, while the cold colors 
indicate ambient. The main figure shows the diurnal evolution for both Koshihikari (circles) 
and Takanari (triangles). The upper inset shows the diurnal difference between Koshihikari 
and Takanari for FACE (red) and ambient (black) situations. The lower inset shows the effect 
of FACE on Koshihikari (black) and Takanari (green). For both insets, scatter points represent 
data, while the lines show an 15 min average. Note that there is some data missing, hence 
the gap in the moving average. 



4  Quantifying the feedback between rice architecture, physiology and microclimate 
 

 68 

might be a good alternative to cope with near-future climate change as the CO2 induced 
warming is smaller in this variety. This view is supported by the fact that appearance 
quality of Takanari was reported to be much less affected by elevated [CO2] than that of 
Koshihikari (Zhang et al., 2015). 

The interplay between plant architecture and physiology strongly determined the 
daily cycle of micro-climate. Our results show strong sensitivity to measurement height 
when quantifying crop micro-climate (Fig. 4.7). This is an important aspect that many 
studies do not consider when determining and measuring the crop micro-climate, as 
measurements are often performed on one pre-defined height or taken from a nearby 
weather station.  

Due to atmospheric mixing, the impact from an elevation in [CO2] to above-canopy 
air temperature was damped, resulting in similar above-canopy (i.e., 120 cm AGL) air 
temperature responses for both varieties (Fig. 4.7a). The impact of [CO2] was more 
pronounced near the canopy top (~90cm), where stomatal closure resulted in a greater 
FACE-induced warming in Koshihikari than in Takanari. Moving into the canopy, the 
plant structure started to play a role (Fig. 4.7b, c, d). The open architecture of Takanari 
allowed mixing, while this mixing was hampered for Koshihikari due to its closed canopy 
top. Especially in the morning, in-canopy air temperatures were increased in elevated 
[CO2] conditions for Koshihikari, while this was less pronounced for Takanari (Fig. 4.7c-
d). This suggests that Takanari maintained high stomatal conductance and associated 
transpirational cooling better than Koshihikari in elevated [CO2]. With the solar angle at 
zenith during noon, more direct radiation penetrated the canopy and caused air 

Figure 4.7 The effects of FACE on the diurnal evolution of temperature (T; upper panels) 
and absolute humidity (AH; lower panels) for Koshihikari (x-axis) and Takanari (y-axis) at all 
measurement heights in clear sky conditions. The color denotes the time of day. The 
average height of Koshihikari was 91 cm, while Takanari was slightly shorter with 86 cm. 
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temperatures to rise, resulting in similar warming for both varieties. In the afternoon, a 
stronger increase in air temperatures was found in Koshihikari again, while in-canopy 
humidity levels were lower due to reduced transpiration rates (Fig. 4.7e-h). Especially 
close to the water surface at 30 cm, humidity levels increased faster during the afternoon 
in Takanari as a consequence of the increased water temperature (thus increased 
evaporation) and the high transpiration rates (Fig. 4.7h).  

Our surface energy balance measurements show the integrated effects of plant 
architecture, physiology and micro-climate (Fig. 4.8). The distribution of energy over 
irrigated rice paddies is distinct compared to other crops. In the morning, the sensible 
heat flux increases as a consequence of an increased canopy temperature (Fig. 4.6), 
which causes the air temperature to rise. In FACE conditions, the rise in air temperature 
was accelerated due to stomatal responses to CO2. Following from our in-canopy 
temperature and humidity measurements, we ascribe this effect mainly to Koshihikari. 
Especially in the morning when the wind speed was low (i.e., low mixing), strong effects 
of the narrowing in stomatal aperture were found in the latent heat flux (Fig. 4.8b). Those 
effects became less pronounced during noon. One of the reasons could be midday 
stomatal closure that reduced the signal in latent heat flux differences between FACE 
and ambient, as well as an increased water temperature and enhanced evaporation 
rates. 

Figure 4.8 Surface flux relationship of (a) the sensible heat (H) and (b) latent heat (LE) are 
shown for ambient (x-axis) and FACE (y-axis). The circle size is determined by the PAR levels 
(Fig. 4.2a). The insets in a show wind direction and speed in m s-1 (a1) and the diurnal 
evolution in sensible heat flux (a2) for ambient (circles) and FACE (crosses) conditions. In b, 
the diurnal evolution in Bowen ratio (b1) and latent heat flux (b2) are shown. Ambient is 
represented with circles, while FACE is visualized with crosses. In all plots, the color denotes 
the time of day. 
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In the afternoon (~14 LT), the atmospheric synoptic condition allowed for the 
initiation of a daily sea-breeze circulation, causing the wind speeds and subsequently 
atmospheric mixing to increase. As a consequence of the fractured land-scape in Japan, 
meaning that rice fields and cities are alternated, warm and dry-air was advected from 
a nearby city to our experimental site. As a result, the sensible heat flux became strongly 
negative (i.e., oasis effect), while the latent heat fluxes were maximum due to the 
relatively dry air.  

When the sun set around ~18 LT, the latent heat flux was still positive likely because 
evaporation was maintained. Furthermore, our results show that the sea-breeze 
weakened and wind speeds decreased (Fig. 4.8a1). However, since the wind direction 
was still from the city, the sensible heat flux remained negative, although its magnitude 
slowly decreased towards zero with decreasing wind speed (Fig. 4.8a). 

 
4.3.3 Effects of shallow clouds on the plant-atmosphere interactions 

In the results described above, the focus was on clear-sky weather conditions close 
to flowering period. In the analysis, clear differences in diurnal patterns in the relations 
between plants architecture, physiology and micro-climate emerged. However, this 
approach could cause a biased view on the plant-atmosphere interactions solely caused 
by the direct component of radiation. For example, a seasonal study on the effect of 
clear-sky and partly-clouded sky regimes on the uptake of CO2 showed stronger uptake 
rates during partly-clouded skies in a mixed forest site (Freedman et al., 2001), which 

Figure 4.9 Diurnal evolution of the 30 minute CO2 fluxes for clear sky (black) and partly 
cloudy (green) weather regimes in ambient conditions. Sunrise is around 6 LT, while sun set 
is around 18 LT. The points represent the mean flux over the aggregated data (see Fig. 4.2) 
and the associated error bars are visualized. Note that the error bars for both cases have 
been shifted slightly to avoid overlap. 
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was a result of an enhanced diffuse radiation component. It is well-known that the 
diffuse radiation component has the ability to penetrate more efficiently into the 
canopy, potentially causing photosynthesis levels to rise depending on conditions (Min 
& Wang, 2008; Pedruzo-Bagazgoitia et al., 2017). To understand the sensitivity of our 
results to the direct-diffuse proportion, we aggregated the data during the same time 
period for partly-clouded sky regimes (Fig. 4.2b). By comparing the maximum clear-sky 
and partly-clouded diurnal PAR (Fig. 4.2), it became clear that during partly-clouded 
skies the radiation levels could increase with a maximum of 10 to 20% due to cloud 
reflection and scattering, although the average PAR was lower compared to clear-sky 
situations (Fig. 4.2b). However, this did not increase the CO2 uptake rates (Fig. 4.9). 
Apart from the lower in-canopy temperature and moisture levels, no large differences 
were found in the relative in-canopy profiles of temperature, humidity and radiation 
(Figs. S4.1—S4.3). 

 
4.3.4 Putting our results in perspective 

The results presented in this study show the intrinsic relation between rice 
architecture, physiology and micro-climate. Measurements were performed on distinct 
rice varieties that strongly differ in both architecture and physiology. Our results show 
the importance of canopy architectural differences on the surface fluxes, that might 
affect land-atmosphere processes. In most biogeochemical models, in-canopy variables 
(e.g., PAR, Ta, CO2) are assumed to be constant throughout the canopy (e.g., Zhang et 
al., 2014 and refs therein), which is caused by a lack of detailed in-canopy 
measurements. However, with the current advancement in computational power and 
improved understanding of modelling concepts, it is expected that multi-layer canopy 
approaches including radiative transfer and calculations of the profiles of the state 
variables will become more a rule than an exception. Therefore, detailed in-canopy 
measurements are becoming essential to move forward. 

Our results are based on an aggregation of days based on sky regimes (i.e., clear sky, 
partly cloudy), which makes our results more consistent and robust than when a single 
‘golden’ day approach would have been followed. However, since our measurements 
were only performed in one region (i.e., Kanto area, Japan), extrapolation of our results 
to other regions needs to be done with caution. For example, the FACE facility used in 
this study had a strong consistent daily synoptic (i.e., regional weather) cycle. At around 
~14 LT, a sea-breeze facilitated enhanced atmospheric mixing and the advection of dry 
and warm air from urban areas, which altered the plant-atmosphere interaction and 
caused an enhanced evaporative flux.  

As for every FACE study, our FACE results are only capturing the plant physiological 
response to increasing levels of CO2, which is only part of the equation when 
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considering climate change. Temperature and humidity levels will likely act as an 
additional external forcing to the plant-atmosphere responses, which are not taken into 
account in this study. Furthermore, as a consequence to an altered atmospheric 
composition (e.g., humidity levels), the light quality and radiation distribution will likely 
change. As a result, the partitioning into diffuse and direct radiation will be affected, 
with vast effects on the plant-atmosphere interaction. Moreover, with the expectation 
that urban areas expand, the influence of dry and warm air advection will likely increase 
in the future, impacting the rice micro-climate. 

Our results show that moving from Koshihikari to Takanari as the primary variety in 
Japanese rice production would result in strong effects on crop micro-climate 
potentially leading to higher production under elevated CO2 conditions. Although the 
current experimental setup did not allow for surface energy balance measurements of 
solely Koshihikari or Takanari, our in-canopy vertical profiles clearly showed a distinct 
micro-climate and subsequent surface forcing to the overlying atmosphere. Especially 
the increased photosynthetic capacity of Takanari results in a damped response to 
atmospheric warming when CO2 levels rise, as the enhanced stomatal conductance and 
transpiration associated with this higher photosynthesis of Takanari resulted in a larger 
evaporative cooling effect compared to Koshihikari. The difference in canopy 
temperature between the two varieties (~0.8 degree C) is greater than that reported in 
our recent model study (~0.5 degree C) (Fig. 7-c in Ikawa et al., 2018), which assumed 
the same canopy architecture between the two varieties. This emphasizes the 
importance of considering differences in architectural effects between varieties in future 
modeling studies. Additionally, we showed that a variety that produces closed canopies 
such as Koshihikari may suffer from heat-induced spikelet sterility under typical climate 
change scenarios. Spikelet sterility occurs when a plant fails to set grain due to abiotic 
stresses (e.g., Satake & Yoshida, 1978). Many processes that affect grain setting are 
temperature driven and vulnerable to heat (i.e., 35—40 degrees C) (Hasegawa et al., 
2011). Even an exposure of one hour is sufficient to induce sterility (Jagadish et al., 
2007). Current crop models account for sterility by simulating the diurnal patterns in 
temperature, humidity, transpirational cooling and flowering time (e.g., van Oort et al., 
2014 and refs therein). Some models predict variables for standardized atmospheres 
(e.g., sinusoidal temperature behavior), while the actual atmosphere is prone to 
fluctuations (Fig. 4.4c,d). Progress in the recent years, shows that modelling the panicle 
temperature instead of air temperature leads to more accurate results (Yoshimoto et al., 
2011). Following from our results, we suggest to take into account plant architecture, 
solar angle and suggest to parameterize turbulent mixing (i.e., function of wind speed). 
By so doing, we expect a more solid evaluation on the risk of spikelet sterility in future 
climates. 
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4.4 Conclusion 
The plant-atmosphere interaction is strongly influenced by both plant physiology and 

architecture. In this study, two contrasting rice varieties were investigated in ambient 
and elevated CO2 environments: Takanari, a high-yielding indica variety with an open 
canopy structure and Koshihikari, a standard japonica variety with a more closed canopy 
top. Detailed micro-climate measurements were performed and the results were 
related and quantified to plant physiological and architectural characteristics. Our data 
are optimal for validating models related to detailed plant-atmosphere interactions in 
current and future climates.  

Our ambient setup showed a strong diurnal interplay between solar angle (i.e., row 
orientation), canopy structure, plant physiology and daily recurring synoptic weather 
(i.e., sea breeze circulation), of which the latter initiated warm and dry air advection from 
urban areas. An open-canopy structure allowed for enhanced atmospheric mixing and 
increased in-canopy radiation levels (up to 3 times), thereby increasing in-canopy 
temperature and reducing the absolute humidity. In ambient conditions, Takanari had 
a drier and warmer in-canopy environment throughout the day, except at noon. 
Especially in the afternoon, Koshihikari experienced higher levels of absolute humidity 
(up to 2 gram per m3 more), which was caused by increased water temperatures in 
combination with its closed canopy structure, allowing for a build-up in moisture.  

In an elevated CO2 environment (i.e., FACE), different results were found, where 
Takanari’s in-canopy absolute humidity was higher and air temperature levels were 
lower compared to Koshihikari. This was caused by a strong physiological effect in 
combination with the likely enhanced evaporation rates from the water surface.  

To conclude, plant architecture has a strong impact on the daily micro-climate and 
drives the interaction between plant physiology and boundary-layer processes through 
vertical exchange. Both physiology and architecture differ considerably both between 
and as shown here within crop species. Under elevated CO2 conditions, an open-
canopy rice variety such as Takanari will result in higher production while at the same 
time reducing the risk of spikelet sterility.  
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4.6 Supplementary material 

Following our data selection approach as described in the main manuscript, we show 
the in- canopy profiles of radiation (S4.1), temperature and absolute humidity (S4.2) and 
the effects of FACE (S4.3) during partly-cloudy days. 

 
 
 
 

 
 
 
 
 
 
 
 

Figure S4.1 The diurnal evolution of in-canopy photosynthetically active radiation (PAR) during 
partly cloudy days of Koshihikari (blue) and Takanari (green) at a) 30cm, b) 60cm and c) 90cm 
above soil. Note: d), e), f) are stand-contained figures showing the PAR relation over the four 
measurements heights (i.e., 30, 60, 90, 120 cm). d) the PAR in-canopy profiles normalized with 
above canopy PAR for 9, 12 and 15LT (15min averaged). e), the absolute values of d). f), the ratio 
Takanari ambient (TA) vs Koshihikari ambient (KA) is visualized over three time stamps. The 
average height of Koshihikari was 91 cm, while Takanari was slightly shorter with 86 cm. 
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Figure S4.2 The diurnal evolution of the difference in in-canopy temperature (T; red) and 
absolute humidity (AH; blue) between Koshihikari ambient (KA) and Takanari ambient (TA) in 
partly-cloudy conditions. In a) and b), the difference in the diurnal evolution in vertical profiles 
between Koshihikari ambient and Takanari ambient are shown for temperature and absolute 
humidity, respectively. In c) and d), the diurnal difference between KA and TA for all heights 
are shown. Scatter points are retrieved from actual measurements, while the lines represent a 
moving average (15min). 

Figure S4.3 The effects of FACE on the diurnal evolution of temperature (T; upper panels) and 
absolute humidity (AH; lower panels) for Koshihikari (x-axis) and Takanari (y-axis) at all 
measurement heights in partly-cloudy conditions. The color denotes the time of day. The average 
height of Koshihikari was 91 cm, while Takanari was slightly shorter with 86 cm. 
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5  

Impact of future warming and enhanced 
[CO2] on the vegetation-cloud interaction 

 
 
 

To account for the nonlinear and local vegetation-atmosphere interactions, the effects of 
increases in carbon dioxide and temperature on the vegetation-atmosphere-cloud 
interaction are studied from a bottom-up approach. Using the 3D large-eddy simulation 
technique coupled with a CO2-sensitive dynamic plant physiological submodel, we aimed to 
spatially and temporally understand the surface and vegetation forcing on the coupled land-
atmosphere interactions in future scenarios. Our simulations were based on first principles 
and explicitly take into account plant responses, atmospheric turbulence and cloud 
development on a diurnal scale. Four simulations were designed: a control simulation for 
current conditions, an enhanced carbon dioxide simulation (current + 200 ppm), an elevated 
temperature simulation (current + 2 K), and a simulation covering the combination of both 
elevations in temperature and CO2. With elevations in carbon dioxide, plant transpiration 
reduced due to stomatal closure, resulting in reduced latent- and increased sensible heat 
fluxes. Although no effects on cloud cover were found in this simulation, the in-cloud 
moisture flux was enhanced. Elevations in temperature yielded opposite results with reduced 
sensible and increased latent heat fluxes, which reduced the turbulent kinetic energy and 
buoyancy rates, thereby negatively impacting cloud formation. Our future climate mimicking 
simulation shows minimal changes in the regional energy balance due to offsetting effects 
between increased temperature and [CO2], while plant photosynthesis increased and 
transpiration decreased. Although with nearly similar surface fluxes compared to current 
conditions, the atmospheric boundary layer was drier, thereby hampering cloud formation 
and development.  
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Our results highlight the necessity of small scales and interactions, which require a 
bottom-up approach to be able to accurately capture the nonlinear plant-atmosphere 
interactions. Neglecting these interactions cause the GCMs and NWPs to be liable to 
misrepresentations when modelling future atmospheres. 

 
 
5.1 Introduction 

Progress in the accuracy of Numerical Weather Prediction (NWP) and Global Climate 
Modelling (GCM) has been constrained by our understanding of local and regional 
nonlinear feedbacks on short and long time scales, our ability to translate these 
feedbacks into numerical equations, and the computational resources available. 
Although the modelling concepts and aims of NWPs and GCMs are distinct, they are 
generally limited by the similar lack in scientific understanding and modelling concepts. 
Since the seminal book of Richardson (1922), enormous progress has been made in 
modelling future weather and climate (e.g., Reichler & Kim, 2008; Bauer et al., 2015). 
Current NWP models are able to predict weather regimes up to 5 days ahead rather 
accurate with forecasts skills close to 90% (Bauer et al., 2015), while GCMs projections 
are able to constrain temperature anomaly projections between roughly +1.5 to +4.5 
degrees Celsius with doubling atmospheric carbon dioxide concentration (i.e., 
equilibrium climate sensitivity) (Collins et al., 2013). The wide range in the projected 
equilibrium climate sensitivity can be ascribed to highly nonlinear processes that act on 
a wide range of spatiotemporal scales (Cox et al., 2013), related to, for instance, 
seasonal variation, ice sheet and glacier melting, increased methane release by 
permafrost melting (e.g., Wickland et al., 2006), et cetera. Although the increase in 
model complexity has not strongly reduced key uncertainties, it has revealed the 
sensitivity and importance of specific processes essential on the general circulation. 
With the identification of the representation of clouds and convective organization as 
one of the main reasons for the wide inter-model spread (Boucher et al., 2013; Stevens 
& Bony, 2013; Sherwood et al., 2014; Bony et al., 2015), it is essential to enhance our 
fundamental understanding of these processes and subsequently improve 
parameterizations to be able to improve the representation of these sub-grid processes 
in NWPs and GCMs. 

Moist convection and cloud development are strongly affected by surface 
characteristics (Rieck et al., 2014; Sikma & Vilà-Guerau de Arellano, 2019). Incoming 
solar radiation is redistributed in soil heat and turbulent energy fluxes based on the soil 
moisture content, vegetation activity and characteristics, and surface roughness. With 
the recent improvement in computational resources and increased fundamental 
understanding of physical as well as modelling concepts, it is now possible to simulate 
the interconnected processes that drive vegetation-atmosphere dynamics. Latest 
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research has shown that sub-grid scale plant-cloud interactions has vast effects on 
processes related to the partitioning in direct and diffuse radiation (Pedruzo-
Bagazgoitia et al., 2017), dynamic surface heterogeneity (Sikma et al., 2017) and in-
cloud moisture transport (Sikma & Vilà-Guerau de Arellano, 2019). Furthermore, cloud 
shading and surface flux responses has shown to affect secondary circulations and 
atmospheric convection (Gronemeier et al., 2017; Xiao et al., 2018), as well as the 
organization of clouds (Jakub & Mayer, 2017). Although these processes and 
interactions occur on local and small scales, they determine the regional atmospheric 
state (Katul et al., 2012) and affect the development of deep convection (Keil et al., 
2008), thus control the onset of extreme weather events. Therefore, it is crucial that 
these processes are accounted for in NWPs and GCMs. 

With the gradual increase in atmospheric levels of carbon dioxide and subsequent 
increase in air temperature, the plant-atmosphere feedback is changing. As a 
consequence of the strongly non-linear behavior of the processes involved, it is very 
likely that current vegetation-atmosphere parameterizations do not hold in future 
climates. To demonstrate this, we investigated the physical processes underlying the 
response to increases in CO2 and temperatures and their subsequent effect on moist 
convection. Our approach entailed a systematic procedure in which we cover the entire 
spectrum of atmospheric moisture, namely from plant transpiration, atmospheric 
turbulence to the development of cumulus clouds. As the latter transports moisture 
from the atmospheric boundary layer into the troposphere, thereby affecting the Earth’s 
albedo, they strongly contribute to the uncertainty in climate projections (Boucher et 
al., 2013; Sherwood et al., 2014). Furthermore, our study highlights the sensitivity of 
sub-hourly and sub-kilometer small-scale interactions on the regional scale; processes 
that are generally neglected in GCMs and NWPs. 
 
5.2 Research strategy 
 
5.2.1 Methodology 

Our simulations have been designed to understand the sensitivity of plant-
atmosphere-cloud interactions on elevations in CO2 and temperature and complement 
to our previous research for current atmospheric conditions on the cloud-plant forcing 
(Sikma et al., 2017) and subsequent plant-clouds feedback (Sikma & Vilà-Guerau de 
Arellano, 2019). Our control case has been designed based on observations and 
represents a typical West-European early-autumn day with cumulus development over 
90% covered moist C3 grassland. Using the Dutch Atmospheric Large-Eddy Simulation 
(DALES4.1; model details in Heus et al., 2010; Ouwersloot et al., 2017), we simulate the 
first principles of atmospheric dynamics in very high detail. The surface boundary 
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conditions are provided by a mechanistic plant physiological sub model, A-gs (details 
in Jacobs & de Bruin, 1997; Ronda et al., 2001), and utilizes a two big-leaf approach that 
simultaneously treats direct and diffuse radiative effects caused by in-cloud scattering 
(details in Pedruzo-Bagazgoitia et al., 2017). Note that due to computational restrictions, 
we utilized a one-dimensional radiative transfer model, which does not capture the 
radiative aspects to elevations in CO2.  Our domain is set at 48 km x 48 km x 5.5 km (x, 
y, z) with resolution of 50 m x 50 m x 12 m (x, y, z).  

To gain additional insight in the cloud characteristics, other than cloud cover and the 
liquid water path, we calculated the cloud width and cloud optical depth. These 
variables quantify the local impact of cloud properties on the vegetation. Namely, cloud 
width gives an indication on the surface area that is affected, while the cloud optical 
depth gives information on the radiative impact at the surface. Cloud width has been 
calculated using 2D autocorrelation based on Taylor (1922) and Stull (1988), details are 
described in Horn et al. (2015). Cloud optical depth (!) has been calculated according 
to Stephens (1978), see Eq. 7 therein, and is based on the cloud droplet radius and the 
vertically integrated column of liquid water (i.e., liquid water path).  

Model cases and the DALES model are made available on GitHub:  
https://github.com/dalesteam/cases_dales/tree/4.1/futureatmosphere 

 
5.2.2 Numerical experiments related to present and future conditions 

The vegetation-atmosphere interactions are highly nonlinear and encompass a 
complex interrelated system. To capture the essential vegetation-atmosphere 
interactions, a mechanistic land surface model is coupled to our DALES model. In Figure 
5.1, we show the parameterized vegetation key variables that influence the surface 
fluxes, and subsequently the atmosphere and cloud development. As an example, a few 
response curves modelled by the A-gs submodel are shown in Fig. 5.1b-d, indicating 
the nonlinearity in the feedbacks of Fig. 5.1a. As changes in cloudiness affect the 
radiation (Fig. 5.1b), the optimal temperature regime (Fig. 5.1c) as well as the water 
vapor deficit (Ds; Fig. 5.1d), it is essential to understand the underlying processes that 
control the vegetation-atmosphere interaction in future atmospheres. Inspired by the 
vegetation to atmosphere feedback, we designed four Large-Eddy Simulations (LES) to 
identify the consequences of the two main components of climate change, namely 
increased levels of carbon dioxide and the subsequent elevated air temperature. As 
visible in Fig. 5.1, these atmospheric forcings act on different vegetation components 
that result in distinct vegetation-atmosphere interactions. Therefore, we expect each 
nonlinear vegetation response to differently affect the atmospheric state.   

 



5.2  Research strategy 

  81 

 
In this study, we holistically investigate the consequences of climate change by 

means of four simulations:  
 

1. Current: current Western-Europe temperature and [CO2] conditions (initial 
boundary layer values of 284 K (~ 11 C) and 418 ppm, respectively). 

2. Carbon: increased initial [CO2] profile with 200 ppm (i.e., fertilization effect). 
3. Temperature: increased initial air temperature profile with 2 Kelvin (i.e., warming 

effect).  
4. Future: combination of the “Carbon” and “Temperature” simulations, of which both 

the air temperature and [CO2] profiles are increased.  
 
Note that all our simulations start with equal initial relative humidity profiles in order 
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Figure 5.1 In a), the forcing diagram is visualizing simplified vegetation interactions and 
its effect on selected atmosphere and cloud characteristics. Positive effects are 
represented by solid arrows, while negative effects are shown with dashed lines and dotted 
arrowheads. The meaning of the variables is as follows: An, assimilation of CO2; rc, canopy 
resistance; Tc, canopy temperature; Ta, air temperature; H, sensible heat flux; LE, latent heat 
flux; RH, relative humidity; TKE, turbulent kinetic energy; LFC, level of free convection; cc, 
cloud cover; M, mass flux. The graphs show the non-linearity by means of response 
functions modelled by the A-gs submodel of b) An versus PAR, c) An versus Tc and d) ratio 
plant internal- and atmospheric carbon concentration (Ci/Ca) versus vapor pressure deficit 
(Ds). 
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to ensure similar initial thermodynamic conditions. Although uncertainty related to 
future changes in relative humidity is high (see e.g., Vicente-Serrano et al., 2018), this 
approach ensures no artificial variability based on initial conditions. Our analysis focuses 
on state variables that have a driving effect on the plant-atmosphere-cloud interactions. 
In the next section, we gradually build up by focusing on the effects of the atmospheric 
forcing on the vegetation response, atmospheric state and cloud development. 
 
5.3 Results  

We start our analysis at the vegetated surface, which will be followed by the 
atmospheric boundary-layer and subsequent effects on cloud properties. In terms of 
forcing and feedbacks, the Carbon and Temperature simulations initially act as a forcing 
to the vegetation, which will adapt and subsequently act as a forcing itself to the 
overlying atmosphere. As a consequence of nonlinearity, vegetation-atmosphere-cloud 
interactions will likely be affected compared to current atmospheres. Our aim is to 
understand the sensitivity of current vegetation-atmosphere-cloud interactions and 
feedback to the carbon and temperature forcing, and to determine the future 
consequences on a diurnal scale. Note that an overview of the vegetation to 
atmosphere-cloud forcing is summarized in Figure 5.1a. 
 
5.3.1 Vegetation effects and responses 

Plant physiological processes are affected by increased levels of carbon dioxide and 
elevated temperature in numerous ways. In Figure 5.2, virtual vegetation responses at 
canopy level that are known to influence the atmospheric state are shown at 14:00 UTC. 
With increasing temperature, we found the canopy resistance lowered (Fig. 5.2a), 
assimilation of CO2 to be increased (Fig. 5.2b) and the water-use efficiency to be 

Figure 5.2 Overview of spread in plant related surface variables affected by cumulus 
shading and atmospheric perturbations for all 921.600 surface points at 14:00 UTC. In a) 
canopy resistance (rc) versus canopy temperatures (Tc), b) canopy resistance (rc) versus 
assimilation of CO2 (An) and c) water use efficiency (WUE) versus evaporative fraction (EF) 
is shown, for current, elevated CO2, elevated temperature and Future situations. 
Evaporative fraction and water-use efficiency are defined as follows: EF = LE / (H+LE), WUE 
= -An / LE, with LE and H as respectively the latent and sensible heat flux. 
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lowered (Fig. 5.2c). The lowering of the water-use efficiency is explained due to 
temperature driven nonlinearity in the assimilation of CO2 (Fig. 5.1c) and latent heat flux. 
The vegetated surface has been parameterized by means of response functions  (details 
in Jacobs & de Bruin, 1997) and as in our simulations the noon temperature (~21 C) is 
well below the optimal value (25 degrees C; 298 K) for maximum photosynthesis (Fig. 
5.1c). With our Current simulation’s canopy temperature peaking at ~21 C, there is 
ample room for increased photosynthesis levels when the canopy temperature would 
rise.  

The plant physiological response to increasing [CO2] is a narrowing of the stomatal 
aperture (i.e. increase canopy resistance), and the associated reduction in transpiration 
causes a rise in canopy temperature with ~0.5 K (Fig. 5.2a). Due to enhanced 
atmospheric [CO2], the difference in partial pressure between plant intercellular and 
atmospheric levels increases. This led to higher photosynthesis levels (Fig. 5.2b), thus 
enhanced carbon assimilation. As photosynthesis increases and transpiration declines, 
the water-use efficiency obviously was increased (Fig. 5.2c). 

When combining both the temperature and carbon effects (i.e., Future simulation), 
canopy temperatures increased with nearly 2.5 K compared to current situations. Mainly 
from the increase in [CO2], the canopy resistance increased (25%; Fig. 5.2a). Since the 
optimal temperature for photosynthesis is 298 K, carbon assimilation rates are much 
(~30%) higher compared to current situations. Since carbon assimilation increased 
more strongly than transpiration, the water-use efficiency increased (Fig. 5.2c). 

Cumulus shading introduces short-lived radiative perturbations that affect canopy 
temperature and canopy resistance. Since the effects of shading on canopy 
temperature and resistance are both nonlinear, it is interesting to note that the relations 
between these variables are affected (Fig. 5.2a), as is visible in the shifted relation 
between canopy resistance and canopy temperature. This is an indication that the plant-
cloud interaction might be altered in future climates. An evaporative fraction of higher 
than 1 is reached due to hovering cumulus, which decrease the radiation vastly, thereby 
causing a negative sensible heat flux (Fig. 5.2c). 

 
To get a quantitative insight in the variability of the vegetation processes that have 

an impact on the surface fluxes, we present all the vegetation and surface data over a 
period of 2 hours, as shown in Figure 5.3. Each box plot comprises nearly 110 million 
surface points and covers both sunlit and cloud shaded areas. 

The effect of the forcing is clearly visible on the surface fluxes. With elevated levels of 
CO2, latent heat (LE) fluxes were strongly reduced (13%), resulting from strong increases 



5  Impact of future warming and enhanced [CO2] on the vegetation-cloud interaction 

 84 

in canopy resistance (30%). The sensible heat (H) fluxes were increased in a similar 
magnitude compared to the decrease in LE (11%), although they show a large variability 
due to intermittent radiative perturbations that affect the surface heating. On average, 
the increase in sensible heat was related to an average increased canopy temperature 
of 0.5 K as a response to stomatal closure. The ground heat flux was not affected much, 
with on average a maximum difference of 3 W m-2 between the simulations (not shown). 
Furthermore, a strong increase (25%) in carbon assimilation was found resulting from 
more optimal photosynthetic conditions (i.e. elevated atmospheric [CO2]). 

When increasing the air temperature with 2 K, the canopy temperature increases 
which subsequently resulted in lowered canopy resistance (-4%; i.e., increased canopy 
conductance) that increased the carbon assimilation (7%; Fig. 5.3). Note that a 
temperature increase larger than 2 K might result in negative carbon assimilation and 
transpiration effects, as is shown in Fig. 5.1c. Furthermore, due to the decreased canopy 
resistance, plant transpiration increased, which had an impact on the LE (11%; Fig. 5.3). 
Consequential, the response of H to increasing atmospheric temperatures yields to a 
reduction of 8%. 

When combining the elevations in temperature and carbon in the Future simulation, 

Figure 5.3 Spread in the increase or decrease in surface related variables compared to 
current atmospheres between 13:00 and 15:00 UTC. Each box plot encompasses ~110 
million virtual surface observations. The box extends from the lower to upper quartile values, 
with a line at the median. The whiskers extend from the box to show the range of the data. 
From left to right, the latent (LE) and sensible heat (H) fluxes, assimilation of CO2 (An), canopy 
temperature (Tc), canopy resistance (rc) and aerodynamic resistance (ra) are shown. The 
numbers on the bottom show the increase or decrease of the median compared to current 
atmospheres. Regarding canopy temperature, the averaged differences in Kelvin are shown 
as well. 



5.3  Results 

  85 

we found that the CO2 and temperature effects on the surface energy balance are offset. 
Nearly similar surface energy fluxes were found compared to current situations (Fig. 
5.3). However, due to the increased atmospheric temperatures and elevated [CO2], the 
stomatal aperture narrows (25%) resulting in a minor reduction in transpiration (3%), 
higher canopy temperatures (2.2 K) and consequently higher carbon assimilation (35%). 
As expected, no large effects on the aerodynamic resistance were found, indicating that 
no large difference on the mechanistically (i.e., wind) driven vertical land-atmosphere 
transfer occurs. 

 
5.3.2 Impact on the atmospheric boundary layer 

With the increased air temperature and elevated CO2 concentration, the vegetation 
adapts and moves into a new state (Fig. 5.2). This change could be viewed as a 
subsequent surface forcing on the overlying atmospheric boundary layer when 
compared to current atmospheres. This surface forcing, as visualized in terms of 
sensible (H) and latent heat (LE) fluxes in Figure 5.4a-b, affect the vertical atmospheric 
profiles. 

Following from stomatal closure, the increase in sensible and decrease in latent heat 
fluxes for the Carbon run caused the atmosphere to slightly warm (0.3 K; Fig. 5.4c) with 
respect to the current situation. Furthermore, consequential from enhanced sensible 
heat, the rates of turbulent kinetic energy (TKE) were increased in the lower atmosphere 
(~0.1 m2 s2; Fig. 5.4d), as well as the buoyancy rates increased (Fig. 5.4e). This indicates 

Figure 5.4 Comparison of domain averaged profiles of the simulated atmospheres at 
14:00 UTC. In a) sensible heat flux (H), b) latent heat flux (LE), c) the virtual potential 
temperature ("#), d) the turbulent kinetic energy (TKE), e) the buoyancy flux ($′"#′&&&&&&&), f) the 
total specific moisture content (qt) and g) relative humidity (RH) is shown. 
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more vigorous motions in the atmospheric boundary layer that are favorable for cloud 
development, although the specific moisture content (Fig. 5.4f) and relative humidity 
levels (Fig. 5.4g) were lowered due to decreased plant transpiration, which hamper 
cloud development. 

The increase of 2 K that has been exerted on the atmospheric profiles for the 
Temperature and Future simulations is well visible in Fig. 5.4c. In the Temperature 
simulation, lower levels of TKE and buoyancy were found, which are the effect of 
enhanced plant transpiration that cools the surface, thus reduce (increase) the sensible 
(latent) heat fluxes. The effects of plant transpiration are visible in the moisture profiles 
as well, where both absolute (Fig. 5.4f) and relative (Fig. 5.4g) moisture profiles show 
an increase.  

Although the surface energy balance of the Future simulation is nearly similar 
compared to the Current simulation, the vegetation characteristics are distinct (Fig. 5.3). 
Due to stomatal closure and elevated canopy temperatures, the boundary layer 
temperature is slightly increased, as well as the atmospheric moisture content is 
decreased. An interesting finding is the relatively high TKE compared to Current, which 
is mainly caused by the horizontal components of momentum (not shown). With 
reduced plant transpiration and elevated air temperature compared to Current, the 
moisture profiles show a drying and the relative humidity is lowered slightly (~3%; Fig. 
5.4g). 

 
5.3.3 Consequences on moist convection 

Boundary layer clouds arise on top of moist updrafts originating from the atmosphere 
boundary layer (ABL), where the updrafts are strongly influenced by the vegetation 
(LeMone & Pennell, 1976; Moeng & Sullivan, 1994). The increase in [CO2] and 
atmospheric temperature has consequences on the vegetation-atmosphere 
interactions, which can affect cloud development through a series of nonlinear 
interactions. As a result of the drying effect of plant stomatal closure to elevated [CO2] 
(Fig. 5.4f), the surface heat fluxes and TKE were increased (Fig. 5.4a-b, d). Although the 
ABL was relatively slightly drier (Fig. 5.4g), the increased vertical movements resulting 
from high TKE and surface fluxes compensate for this with no significant changes in 
cloud cover and cloud width as a result (Fig. 5.5a-b), when compared to current 
atmospheres. The increase in momentum followed from the increase in surface fluxes 
and TKE, however, increases the total moisture flux and liquid water path (LWP), which 
shows that clouds are able to grow deeper (i.e., reach higher altitudes). As a 
consequence, the clouds transport more moisture from the ABL towards the 
troposphere (Fig. 5.5c-d). Note that from changes in cloud width and cloud cover the 
spatial effects on the cloud population can be inferred. For instance, the cloud cover 
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can be similar in cases with less and wider clouds, or with more and smaller clouds. 
With elevations in atmospheric temperature a reduction in cloud cover was found 

(Fig. 5.5a), consequential from weak levels of TKE and buoyancy fluxes, which was a 
consequence of the decreased sensible heat flux and increased latent heat flux (Fig. 
5.4a-b). The reduction in energy (thus momentum) was enough to reduce cloud cover 
to 16% (i.e., ~15% reduction compared to Current), as updrafts were not able to 
overcome the inversion layer and reach the level of free convection (LFC), which is the 
level where the latent heat release due to condensation is enough to make the clouds 
positively buoyant (e.g., see positive  above 2km in Fig. 5.4e). It is interesting to note 
that the cloud width was not affected much (Fig. 5.5b), while strong reductions in the 
total mass flux and liquid water path were found (Fig. 5.5c-d). This indicates that more 
shallow clouds were developing that dissolved before reaching the LFC (i.e., forced 
clouds), while a similar width was maintained.  

In the Future simulation, multiple interactions occur that control the ABL and cloud 
development (Fig. 5.1a & 5.5e). As both the elevations in CO2 and temperature yields 
nonlinear responses to plant physiological processes (Fig. 5.1b-d), disentangling the 
plant-atmosphere interactions becomes more difficult. An example is visible in Figure 
5.4a-b, d. The surface fluxes are quite similar compared to the Current run, although the 
TKE is larger. This indicates more turbulent energy (thus momentum) in the ABL that 
would be favorable for cloud development. However, as shown in Fig. 5.5a, cloud cover 
has reduced to 16%. We explain this finding as follows. The increased atmospheric 
[CO2] reduces stomatal aperture (Fig. 5.2a), thereby enhancing the ABL TKE by more 

w′ �θ′�v

Figure 5.5 Temporal evolution of horizontally averaged cloud related variables for all 
simulated atmospheres. In a) the cloud cover, b) cloud width, c) liquid water path (LWP), d) 
total moisture flux are shown. In e) the boundary layer height (dashed) and cloud bottom and 
top are shown, where in f) the distance between the boundary layer height (CBL) and level of 
free convection (LFC) is visualized. 
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thermal movement (Fig. 5.4d) that causes the ABL to warm and dry (Fig. 5.4c, 5.4g). 
However, this drying is not compensated for by increased latent heat release by 
transpiration, as was the case for the Temperature simulation (Fig. 5.4b). As a result, 
relative moisture levels were (slightly) lowered in the Future simulation compared to the 
Temperature simulation (Fig. 5.4g). Furthermore, with the narrowing in stomatal 
aperture, the ABL temperature has risen slightly (Fig. 5.4e), which additionally lowered 
the relative humidity levels. As a consequence, there was a ~30 minutes lag in transition 
layer thickness (i.e., convective boundary layer (CBL) minus the level of free convection 
(LFC)) compared to the Current simulation (Fig. 5.5f). In other words, an equal transition 
layer thickness was reached 30 minutes later in the Future simulation compared to the 
Current simulation. Since the sensible heat flux peaked at around 11:00 UTC, any delay 
in cloud development due to a too large transition layer results in less energy for cloud 
development. Consequential of this lag, this lowered the cloud cover and total in-cloud 
moisture transport and thickness (Fig. 5.5c-d).  

The effects of the larger transition layer thickness can be found in Fig. 5.6, where the 
temporal evolution of the distribution in cloud optical depth is shown. The averaged 
values during maximum cloud cover (between 13:00-15:00 UTC) are shown in Table 
5.1. Both visually as in Table 5.1, it is clear that the majority of the clouds in our domain 
are shallow (tau between 0-5 [-]). Especially in the Temperature and Future simulations, 
the relative contribution of shallow clouds increases. This corroborates our conclusion 
that the majority of clouds dissolve before reaching the LFC in the Future simulation. As 
a result, the amount of thicker (tau of 10+) clouds in these simulations was reduced as 
well. 

 
 
 

Table 5.1 The averaged distribution of cloud optical depth between 13:00 and 15:00 UTC, 
as visualized in Figure 5.6. All numbers are in percentages, with the numbers between 
brackets showing its relative contribution to the total cloud cover. 

 Cloud optical depth (tau) 
Tau [-]  0-2 2-5 5-10 10-15 15-25 25-50 50+ Total 
Current 8.2 (44) 3.4 (18) 2.6 (14) 1.4 (8) 1.4 (8) 1.2 (6) 0.5 (3) 18.6 (100) 
Carbon 8.2 (43) 3.4 (18) 2.7 (14) 1.5 (8) 1.5 (8) 1.3 (7) 0.6 (3) 19.2 (100) 
Temperature 7.8 (50) 2.9 (18) 2.1 (13) 1.0 (6) 1.0 (6) 0.7 (4) 0.2 (1) 15.7 (100) 
Future 7.7 (47) 3.0 (18) 2.2 (14) 1.1 (7) 1.1 (7) 0.9 (6) 0.3 (2) 16.3 (100) 
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5.4 Discussion  
This study was designed to understand the vegetation response and its subsequent 

forcing to atmospheric elevations in temperature and [CO2]. Although these 
atmospheric variables are essential in driving future land-atmosphere processes, there 
are other components of the climate system we were not able to simulate. In this section, 
we discuss some of these components. 

The importance of modelling the full spectrum of land-atmosphere interactions 
becomes clear when comparing our results with the findings of Vilà-Guerau de Arellano 
et al. (2012), who applied a similar methodology using a spatially zero-dimensional 
model. In this approach, the averaged response of the atmosphere to plant dynamics 
was modelled, thus the spatial dynamic surface and atmospheric heterogeneity was not 
explicitly taken into account. Inferred from the difference between the atmosphere 
boundary layer height and lifting condensation level (e.g., cloud base), they concluded 
that boundary layer clouds are suppressed in CO2-rich atmospheres. However, while 
our Future modelled results converge, the intermediate responses to CO2 and 
temperature yields opposite conclusions. Interestingly, both studies are based on the 
same set of initial observations and utilize a similar mechanistic photosynthesis model 
that has been generally applied (e.g., in the European NWP model ECMWF: Boussetta 
et al., 2013). Although the findings on the surface energy balance broadly overlap, the 
interactions and turbulent exchange with the atmospheric boundary layer are distinct.  

Since GCMs and NWPs neglect local and dynamic heterogeneity, as well as local 
land-atmosphere turbulent responses. This comparison highlights the importance of 
considering the sub-grid scale local land-atmosphere processes when modelling future 
atmospheres, as ignoring these processes might lead to serious misrepresentation of 

Figure 5.6 Temporal evolution of cloud cover with the distribution of cloud optical depth 
(τ) in shading. 
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the plant-atmosphere interactions that drive the future atmosphere.  
To be able to compare the findings of our simulations, we systematically introduced 

elevations in air temperature and [CO2]. However, future atmospheres will likely not be 
always as similar as modelled in our study, meaning that, for instance, weekly-to-
monthly changes in synoptic situation (Vihma, 2014), the vegetation biomass (Brouder 
& Volenec, 2008) or the soil moisture state (Seneviratne et al., 2010) might occur, which 
latter affecting the vegetation state. However, since our focus is on the sub-hourly scale 
and the atmosphere has adapted to the modelled surface boundary forcing, we don’t 
expect large deviation in the interactions as presented in this study. However, seen the 
nonlinearity in interactions (Fig. 5.1), it is recommended that an extensive analysis of the 
sensitivity of the vegetation-atmosphere-cloud interactions on all atmospheric and 
vegetation components is performed. Special focus on the canopy temperature is 
advised, as following from our submodel the assimilation of CO2 and transpiration 
strongly declines above 25 degrees C. At the moment, unfortunately, the computational 
resources do not allow for such an extensive sensitivity study at this moment. 

With increased concentrations of CO2, the radiation balance will likely be affected 
with an enhancement in the longwave radiative component (Cao et al., 2010). Although 
the in-cloud partitioning between direct and diffuse radiation was taken into account in 
this study, the longwave radiative enhancement was not. An implication of an increase 
in longwave radiation could be an increased temperature effect. As a consequence, 
plant transpiration would have increased in our numerical experiments, with decreased 
sensible- and increased latent heat fluxes as a result. This would weaken the 
atmospheric vertical movements, thereby reducing TKE and buoyancy, with a likely 
result of hampered cloud development. Furthermore, as a consequence from the 
increased atmospheric temperature by longwave radiation, the atmospheric stability 
might increase as well, which might hamper the vertical development of clouds. 

One strong uncertainty we were not able to take into account is the gradual 
adjustment of the vegetation to a changing climate. Examples are uncertainties related 
to the development in canopy structure (e.g., increase in leaf area index) (Anten et al., 
2004) or leaf thickness and nitrogen allocation (Bezemer et al., 1998). Furthermore, 
when genotypic responses of plants to climate change are considered, the vegetation 
distribution might be affected through natural selection (Van Loon et al., 2015). As most 
plant species respond differently to atmospheric perturbations, regional or even 
continental changes in the surface energy balance might occur that have a strong effect 
on the land-atmosphere interactions. 
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5.5 Conclusion 
The future vegetation-atmosphere-cloud interactions were simulated and 

systematically studied to understand whether current interactions will hold when 
temperature and CO2 levels rise. We focus on the interaction occurring at the sub-hourly 
and sub-kilometer scale, in which the time scales of vegetation responses and cumulus 
development are characterized by similar time scales in the order of minutes. 

Our findings show that a temperature elevation of 2 degree Celsius yields enhanced 
plant transpiration, thus latent heat fluxes, while reducing the sensible heat fluxes. As a 
consequence, the turbulent thermal intensity reduced, as quantified by lower vertical 
values of TKE and buoyancy. Consequently, the cloud cover and mid-tropospheric 
moisture transport reduced. In turn, an enhancement of 200 ppm in carbon dioxide 
leads to a closure of the stomatal aperture, leading to enhanced sensible- and 
diminished latent heat fluxes with, respectively, 11%  and 13%. As a consequence, the 
atmospheric boundary layer became slightly warmer and drier. However, with 
enhanced TKE and buoyancy levels, cloud cover was maintained compared to current 
conditions, while the in-cloud moisture transport and thickness was increased due to 
enhanced momentum. Our Future simulation, which combines both elevations in 
temperature as [CO2] showed an offset in the energy balance, resulting in nearly similar 
fluxes as in current conditions. However, with a narrower stomatal aperture, thus 
reduced transpiration, air temperature slightly increased and atmospheric humidity 
levels were reduced. As a consequence, the level of free convection (LFC) was higher, 
causing a thicker transition layer. Resulting from this, most forced clouds did not reach 
the LFC and dissolved. This caused notable reductions in cloud cover as well as 
moisture transport and cloud thickness. 

Our results highlight the need to incorporate nonlinear plant photosynthetic 
responses to atmospheric perturbations and forcings in GCMs and NWPs, which is 
essential in the carbon and hydrological balance. Neglecting these local and small-scale 
processes will yield large uncertainties and misrepresentations when modelling future 
plant-atmosphere interactions. 
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6  

General discussion 
 
 
 
 
 
In this thesis, a comprehensive dataset was combined with the state-of-the-art Dutch 

Atmospheric Large-Eddy Simulation model. With the ability to explicitly simulate the 
atmosphere with the LES model, we were able to reach unprecedented detail as compared 
to the NWPs and GCMs and introduced novel aspects, such as dynamic plant stomatal 
responses, the partitioning in direct and diffuse radiation and the inclusion of a wide range 
in background winds, which has led to new insights on the vegetation-atmosphere-cloud 
interaction. However, some simplifications and assumptions were introduced. In this section, 
we address these assumptions and the uncertainties involved. 

Furthermore, as for all field experimental designs that mimic future environments, 
uncertainties and unavoidable limitations are involved. Later in this section, we will discuss 
these uncertainties and limitations, and discuss the likely consequences.  
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6.1 Static heterogeneity, secondary circulations and moist convection 
All our simulations entailed homogeneous and identical surface properties, as for 

instance vegetation type, cover, state and height, as well as soil moisture content and 
soil type. As a consequence, our surface is a simplification of reality, as no natural static 
(i.e., spatially fixed) heterogeneity is accounted for. This consequentially yields one 
identical initial stomatal response to atmospheric perturbations. However, we have to 
note that when the surface is perturbed, spatial dynamic heterogeneity will occur, which 
can be initiated by both atmospheric state variables or as a consequence to radiative 
components.  

Investigations concerning static heterogeneity are often performed by prescribing 
the land-surface in dry or wet patches following a checkerboard pattern (e.g., Lee et al., 
2018). Following from a difference in surface temperature caused by the patch’s 
moisture content, surface energy fluxes are altered. As the sensible heat fluxes are 
elevated at the dry patches, convection starts to occur with subsequent moist air 
advection from the adjacent wet patches (Cioni & Hohenegger, 2017). Consequently, 
secondary circulations are formed which size is determined by the boundary layer depth 
and patches size (van Heerwaarden et al., 2014; Lee et al., 2018). Recent investigations 
indicate that heterogeneous surfaces influence the onset of convection by enhancing 
the upward momentum compared to homogeneous conditions (van Heerwaarden & 
Vilà-Guerau de Arellano, 2008; Rieck et al., 2014), thereby triggering the formation of 
deep convection. Lee et al. (2018) showed that a threshold patch size of 5 km triggers 
deep convection, while smaller patch sizes enhance atmospheric boundary layer 
mixing, which results in shallow clouds. The process behind this interaction is the 
formation of cold and moist pools above the boundary layer (van Heerwaarden & Vilà-
Guerau de Arellano, 2008; Kang & Ryu, 2016), which are formed by repetitive 
penetrations of turbulent plumes into the free atmosphere (Kang & Ryu, 2016) that 
would be favorable for the development of deep convection (Zhang & Klein, 2010). 
However, this theory is challenged by Rieck et al. (2014), who shows that the available 
surface energy gradually reduces over the warm patches as a consequence of cloud 
formation (i.e., consequence from dynamic heterogeneity). As the LES modelling study 
of Rieck et al. (2014) simulates full interactions between land surface, clouds and 
radiation, they were able to conclude that the aforementioned decoupled studies likely 
overestimated the surface fluxes below cloudy areas, that might have produced too 
strong secondary circulations. Moreover, the observational and simulation study of 
Hohenegger & Stevens (2012) challenged the gradual moistening theory as well. They 
showed that the transition from shallow (i.e., cumulus congestus) into deep (i.e., 
cumulonimbus) convection normally occurred within 2 hours over land, which is much 
faster than the time needed to moisten the cloud layer (max. 10 hours). They imply from 
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their results that moisture convergence might be more important than local surface 
fluxes to trigger deep convection (Hohenegger & Stevens, 2012). Furthermore, as 
discussed by Avissar & Schmidt (1998) and Lee et al. (2018), a weak background wind 
of 2 to 2.5 m s-1 was sufficient to significantly decrease the effects of static surface 
heterogeneities by enhanced horizontal mixing, thereby hampering moist convection.  

Apart from the research of Hohenegger & Stevens (2012) and Rieck et al. (2014), all 
aforementioned conclusions are based on decoupled and idealized surfaces. As Earth’s 
surfaces are rarely similar to checkerboard patterns, the actual static heterogeneous 
land-atmosphere interactions are likely more chaotic and damped. The novel study of 
Xiao et al. (2018) combined realistic static heterogeneous land-surface with dynamic 
land-atmosphere interactions, and investigated the impact of static and dynamic surface 
heterogeneity on moist convection. In their case, they found that dynamic heterogeneity 
can have a larger impact on cumulus cloud development than static heterogeneity.  

The discrepancy between Xiao et al. (2018) and the research described earlier in this 
section shows the need for more detailed land-atmosphere interactions with respect to 
modelling moist convection. Especially in a changing climate, where feedbacks are 
altered and extreme weather events become more likely, a fundamental understanding 
of the local feedback mechanisms is essential in order to reduce uncertainties related 
to the modelling of moist convection. 

 
6.2 Radiative transfer and cloud microphysics 

Over the course of writing this thesis, advancement in the development of radiative 
transfer parameterizations and its incorporation in high-resolution atmospheric models 
has occurred. Only very recently the computational resources allowed to include these 
3-D radiative transfer parameterizations when modelling cumulus convection with 
dynamic heterogeneity. To date of writing, only Jakub & Mayer (2017) have investigated 
the three-dimensional radiative effects by cumulus convection over interactive surfaces. 
In that study the interactive component only yielded dynamic surface fluxes and 
neglected plant responses, with the latter being accounted for in this thesis. As in this 
thesis a one-dimensional radiative transfer solver has been applied, we discuss the 
possible limitations of our results. Furthermore, we briefly extend on the effects of cloud 
microphysics and its consequences on radiation later in this section. 

The explorative LES study of Schumann et al. (2002) focused on the effects of cumulus 
shading on the turbulent flow. At the cloud shaded location an instantaneous zero heat 
flux was modelled. They concluded by analyzing two zenith angles that a shift in cloud 
shading, thus non-zero zenith angle, only had minor impact on the turbulent field. 
Different results were obtained by Gronemeier et al. (2017), who analyzed four zenith 
angles over homogeneous and striped static heterogeneous surfaces. The main 
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objective of their LES study was to investigate the impact and effects of cloud shading 
on the initiation of secondary circulations and subsequent effects on cloud-field 
characteristics. They found over homogeneous surfaces that cloud shadows trigger 
secondary circulations, whose strength depends on the solar zenith angle. Over static 
heterogeneous surfaces, the effect of cloud shading was found to be dependent on the 
solar zenith angle: the strength of secondary circulations was reduced with small solar 
zenith angles, while for large angles the circulation depended on the static 
heterogeneous pattern. With respect to cloud-field characteristics, they concluded that 
small zenith angles favored the development of small and short-lived clouds, while at 
large zenith angles the clouds grew deeper with an extended life time. Jakub & Mayer 
(2017) took this one step further and analyzed the potential of dynamic heterogeneity 
to organize cumulus convection. As their LES study compared the role of 1-D and 3-D 
radiative heating combined with a sensitivity on the background wind speed, solar 
zenith and azimuth angles, we are able to use their conclusions to put this thesis in 
perspective. Main findings from Jakub & Mayer (2017) show that the organization of 
cumulus clouds is affected by the way we are representing and treating radiative 
transfer models. Their 3-D radiative transfer simulation formed cloud streets in the 
absence of a background wind perpendicular to the sun’s incident direction, whereas 
their 1-D approximation produced randomly positioned clouds. Comparing these 
findings with our work, we expect that a more realistic radiative transfer 
parameterization yields changes in the organization of the cumulus population. This 
might have consequences for the results described in Chapter 2 and 3 of this thesis, as 
cloud streets might form with lower background winds. As a consequence, the 
vegetation-cloud coupling regime in cloud street situations might be more pronounced 
than was initially thought. This indicates that the range in background wind for the 
transitional regime —as described in Chapter 3— is narrower, which implies that the 
cloud induced heterogeneous vegetation streaks can be formed with lower 
background winds. This would strengthen the vegetation-atmosphere coupling, which 
increases the impact on moist convection. However, this deduction is rather speculative 
and no strong conclusions can be given at this point. 

Another assumption that has been made in this thesis is related to the clouds’ droplet 
size. Since modelling cloud microphysical processes is rather complex and quite 
computationally expensive, a fixed effective droplet radius of 10 μm is considered 
based on observations from Baker & Latham (1979). However, in shallow cumulus 
clouds, variations in droplet radius of 4 to 20 μm are observed (Siebert & Shaw, 2016). 
As the partitioning in direct and diffuse radiation is based on cloud scattering, thus the 
droplet radius, our results might be affected by this assumption. This could have 
consequences on our photosynthesis responses to cloud shading. However, since a 
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sensitivity performed by Pedruzo-Bagazgoitia et al. (2017) only yielded minor effects of 
the droplet size on the shortwave downward radiation, we don’t expect significant 
deviations from our current conclusions.  

Furthermore, the simulated cumulus clouds in this thesis are so-called warm clouds, 
meaning that we neglect the development of ice crystallization (Taylor et al., 2016). Ice 
crystallization in intermediate stages of cloud development are normally influencing the 
onset of precipitation, as the ice crystals grow due to vapor deposition. When ice 
crystals grow, they slowly descend and initiate a chain of processes that results in 
precipitation (i.e., coalescence). The onset of precipitation in growing mature cumulus 
clouds hampers its development, as the downward directed precipitation hampers the 
upward going air. Furthermore, as a consequence of increased levels of soil moisture 
where precipitation occurs, the spatial variability in surface fluxes is increased (Chen et 
al., 2012). In this capacity, ice crystallization can have an influence on the formation and 
development of cumulus clouds. As only a minor part of fair-weather cumulus clouds 
precipitate, and we specifically focus on the development of the shallow variety, our 
conclusions on vegetation-cloud interactions are not affected. However, when 
simulating deep convection this process is essential and needs to be taken into account. 

 
6.3 The Free-Air CO2 Enrichment (FACE) experiment 

Free-Air CO2 Enrichment (FACE) experiments enable us to investigate the effects of 
CO2 enhancement under natural conditions. They are primarily used to study the effects 
of elevated CO2 on physiology, growth and production of plants under field conditions 
and there are FACE set ups for vegetation ranging from grasslands, crops (e.g., rice, 
wheat and soybean), temperate forests and recently there is one being developed for 
tropical rainforest. The FACE technique provides a strong advantage over enclosed 
systems (i.e., greenhouses or closed- and open-topped chambers) as it is affected by 
the natural fluctuations. Although in these enclosed environments it is easier to maintain 
stable levels of the variables under investigation (e.g., [CO2] or temperature), they miss 
plant-atmosphere feedbacks and interactions that occur in nature, as for instance 
secondary-circulations, boundary layer dynamics, et cetera. In Chapter 4 of this thesis, 
results from a rice FACE experiment are presented and the interactions between two 
distinct rice varieties and the atmosphere are discussed. In this section, we elaborate on 
the discussion regarding FACE systems and focus on the possible limitations of FACE 
systems in general and the possible consequences this might entail on future yield 
projections.  

By analyzing 120 primary peer-reviewed articles, including data from 12 large-scale 
FACE experiments, Ainsworth & Long (2004) showed that the fertilization effect of CO2 
differed between FACE experiments and enclosed chamber experiments regarding 
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rice and wheat. The exact reasons for the deviations remains unclear, but are very likely 
a consequence of the experimental setup and methodology (McLeod & Long, 1999; 
Long et al., 2004). For example, in chamber experiments the environmental variables 
are stable (i.e., managed), while in FACE experiments these are more prone to natural 
fluctuations. As a consequence, the experimental setup has direct effects on the micro-
climate, which affects the growth and interaction of these plants to an environmental 
forcing (e.g., elevated CO2 or temperature). This implies that the experimental 
methodology has direct implications on the conclusions regarding future yield 
projections.  

Although the FACE technique avoids many limitations as experienced by chamber 
methods, the results of the FACE experiments fail to match the theoretical increase in 
photosynthesis that could be obtained by elevated [CO2] (Leakey et al., 2009). To 
understand whether this might be a consequence of the FACE technique, we need to 
focus on its limitations. In state-of-the-art FACE environments, CO2 is released through 
tubes at the borders and carried by wind over the plots under investigation. Since wind 
is used as the carrier gas, it ensures minimal microclimatic perturbations compared to 
injection methods. The disadvantage, however, is that a spatial dilution gradient occurs 
across the treatment plot (McLeod & Long, 1999; Nakamura et al., 2012). Another 
consequence of this method, is that the operation and accuracy of the FACE system is 
dependent on atmospheric conditions. For instance during very calm atmospheric 
conditions, atmospheric air packages that contain very high [CO2] are advected over 
the canopy (Fig. 6.1). If those atmospheric conditions are a consequence of the 
continental or regional synoptic weather, this could strongly influence the outcomes of 
the experiment as a prevailing wind gradient effect would occur across the plot. During 
windy conditions, the FACE technique will perform well on average (McLeod & Long, 

Figure 6.1 Temporal variability of CO2 concentration ([CO2]) in the FACE setup measured 
with an IRGASON at 50Hz on a clear sky day between a) 11-12 local time and b) 11:58 and 
11:59. The black dots show data at 50Hz, while the red dots visualize instantaneous 
measurements at 1 minute. 
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1999; Nakamura et al., 2012). However, on very short time scales (i.e., less than 1 
minute) larger fluctuations are present that arise due to turbulent mixing of the overlying 
air, which is visualized in Figure 6.1. It is questionable whether these fluctuations are 
perceived by the plants and how they would affect the net CO2 exchange. As shown by 
Cardon et al. (1994, 1995), these fluctuations can have implications for the water use 
efficiency and could dramatically affect the time averaged stomatal conductance. This 
implies that the fluctuations occurring in FACE setups might have implications on future 
yield projections. 

As FACE plots encompass a relatively small area (~240 m2), they are isolated islands 
of elevated [CO2] within an experimental field, which likely has physical and biological 
consequences as the surrounding atmosphere deviates significantly from that in the 
FACE plot (McLeod & Long, 1999). For instance, packages of ambient air pollute the 
FACE experimental treatment due to atmospheric turbulent mixing. In other words, the 
plant-atmosphere interactions of the surrounding vegetation by means of plant 
transpiration and surface energy balance are polluting the FACE micro-climate, with the 
strongest effects expected on humidity levels and the vapor pressure deficit (McLeod & 
Long, 1999). This might have influenced the micro-climate measurements in our FACE 
experiment, as these fluctuations could have affected the measurements of the open 
canopy of Takanari more than the closed canopy of Koshihikari.  

When taking the aforementioned limitations, the findings of Cardon et al. (1994, 
1995) and the conclusion from Leakey et al. (2009) into account, it strongly indicates 
that (unavoidable) misrepresentations in the future yield projections occur. 
Furthermore, the inclusion of FACE experimental data in steady-state models is another 
point of concern. As it is unclear how the plants perceive the fluctuations of the artificial 
modulated atmosphere, it is unavoidable that misrepresentations are present in the 
parameterizations of steady-state based plant models. As these models as well are used 
to assess the impact of future climate change on yield projections, and also neglect the 
fact that synoptic weather and regional patterns are subject to change, it is very likely 
that yield projections are prone to large uncertainties. However, novel modelling 
approaches arise that are soon able to simulate in three dimensions the interactions 
between the plant architecture and micro-climate. These functional-structural plant 
models (FSPM; see Evers et al., 2018) simulate growth and morphology of individual 
plants that interact with their environment. This allows for detailed simulations on the 
organ scale and could be used to challenge current hypothesis on plant-atmosphere 
interactions. Furthermore, when combined with an extensive observational dataset of 
micro-climate measurements, the FSPM approach could yield new knowledge on 
detailed plant-atmosphere interactions under current and future CO2 conditions. 
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6.4 Outlook 
The work presented in this thesis encompasses interdisciplinary research by 

combining knowledge from plant and atmospheric sciences. In the last decades, these 
lines of research were mostly separated. However, with the Earth’s climate changing, 
uncertainties in both projections of the atmospheric (i.e., weather patterns) and plant 
processes (i.e., food security) are arising. Furthermore, the increase in understanding of 
vegetation-atmosphere processes as well as increased model resolution, give rise to 
the need for a better understanding of the vegetation-atmosphere system on small 
spatiotemporal scales. In this section, an outlook will be given with a focus on 
vegetation-atmosphere interactions. 

One of the main priorities is the improvement of the carbon and hydrological balance 
in NWPs and GCMs. Although promising progress is already occurring, with for instance 
the ocean-atmosphere coupling in the European NWP model ECMWF, we expect a vast 
improvement of the predictive skill when more focus is laid on the inclusion of essential 
local land-atmosphere processes and better performing land-surface submodels. To 
achieve this, focus needs to be shifted from a global scale to a more regional scale, 
which would be in line with the advancement in model resolution over the last decades. 
Although current parameterizations will likely need to be adapted when more details 
come into play, the modelling community could be inspired from the LES studies that 
are currently performed with ever growing domain sizes. 

Another priority is related to surface heterogeneity. Almost all LES studies are based 
on idealized surface conditions, albeit homogeneous surface with dynamic 
heterogeneity, or static checkerboard pattern heterogeneity. Although this approach 
allows for systematic sensitivity analysis, which highlights the areas of ‘quick wins’, it 
makes it difficult to extrapolate these results to situations with natural variability. With 
computational resources becoming less expensive and the availability of datasets by 
satellites is increasing, it would be a step forward if the LES community would introduce 
more realistic surface characteristics alongside the idealized cases. This entails low to 
high vegetation, but also a better understanding of up-scaled canopy physiological 
characteristics ranging from tropical forests to mid-latitude grasslands. The more 
natural surface characteristics and vegetation-atmosphere interactions of course need 
to be validated with a complete set of observations. For this, regional campaigns that 
encompasses a holistic approach, and focusses on minutely-to-hourly measurements of 
surface fluxes, soil and plant characteristics and responses, atmospheric profiles and 
cloud characteristic, would greatly improve the understanding of vegetation-
atmosphere interactions. Furthermore, to improve the mechanistic plant physiological 
models and explore the sensitivity of the measured plant-atmosphere interactions, the 
FSPM approach could be used. Although, due to computational restrictions, no 
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coupled FSPM-LES approach is feasible in the coming years, the FSPM could be used 
to validate the mechanistic plant models used in atmospheric models and explore the 
sensitivity of plant-atmosphere interaction to for instance drought, increased 
temperature or elevated [CO2], et cetera.  

Although not incorporated in the LES model version used in this thesis, more 
advanced 3-D radiative transfer models are currently developed and implement. 
Combined with a better microphysical model, more realistic vegetation-cloud 
interactions will likely be obtained. This holds for the improvement of future atmosphere 
modelling as well, since greenhouse gases impact the longwave radiative component 
and aerosols scattering likely influences the shortwave component. This makes the 3-D 
radiative transfer model a vital component for future LES models. Incorporation of these 
radiative transfer models have the benefit of more interdisciplinary research, for 
instance to the effect of cloud microphysics, aerosols and greenhouse gases on the 
vegetation responses, which determines the carbon uptake and strongly affect the 
hydrological balance through surface flux modifications.  

Regarding observational studies that aim to understand future plant-atmosphere 
interactions, progress would be made if observational sensitivity analysis would be 
performed. This would, for instance, give clarity on the FACE ‘island’ effect, thus shows 
the effect of turbulent mixing, as well as would show the nonlinearity in the plant-
atmosphere interaction. Although FACE experiments are rather expensive, combining 
forces with other research groups would allow for more extensive and fundamental 
research. As a next step, the outcome from these sensitivity experiments could be 
compared with current modelling outcomes. This methodology might shed light on 
misrepresentations and would highlight the uncertainty in modelling approaches. 
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Summary 
 
 
In the last decades, performance of numerical weather prediction (NWP) and global 

climate models (GCM) have vastly improved. As a consequence of the improvements 
on model physics and increased computational power, the model resolution has been 
increased leading to the inclusion of the regional (~10 km) scale processes. However, 
as our understanding of the small scale processes that act in the models ‘grey-zone’ is 
yet not sufficient enough, initially minor misrepresentations can lead to potentially large 
deviations in the model’s progression.  

The main objective of this thesis was to gain insights on the impact of diurnal and 
local interactions between the vegetation, atmosphere and boundary layer clouds in 
current and future atmospheres. Special focus was  placed on the consequences on 
moist convection, as it is one of the main uncertainties in the global climate and weather 
models. Moist convection is strongly influenced by the vegetated surface 
characteristics, which has consequences on the sub-weekly atmospheric state. In this 
thesis, a balanced approach is taken, which takes into account local (meters) and short 
(minutes) dynamic vegetation responses to atmospheric and cloud perturbations, that 
subsequently influence the atmospheric boundary layer and cloud development.  

To deepen our understanding of the processes that act on the smaller scales, a Large-
Eddy Simulation (LES) model was employed and coupled with a mechanistic land-
surface submodel. The LES model explicitly resolved the various dynamical processes 
at a scale of 50 m, which has an advantage over the coarser atmospheric models as 
minimal parametrizations are required. The investigations were based on a combined 
approach of advanced measurements and numerical experiments. The numerical 
experiments are based on observations over Western Europe, while for the future 
atmospheres the numerical experiments were inspired on results from a Free-Air CO2 
Enrichment (FACE) experiment in Japan and combined with findings from literature. 

 
The first objective of this thesis was to improve our understanding of the local 

interactions between responses of low vegetation to atmospheric perturbations and 
cumulus cloud development. The impact of intermittent light perturbations on plant 
physiological processes, and its consequences for the atmospheric state and boundary 
layer cloud development, was investigated for a wide range in convective situations (i.e., 
cellular convection to roll vortices).  

By following a systematic approach, our results highlighted the regional effects of a 
strong plant-atmosphere-cloud coupling (Chapter 2). In low wind and convective 
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situations, a lowering in surface energy fluxes resulted in stabilized cloud development, 
although there was a distinct response based on the cloud optical properties. With 
clouds identified as optically thin, there was an enhancement in both the assimilation of 
CO2 and in the latent heat fluxes that was caused by an increased diffuse radiative 
component, with subsequent effects that favored cloud development. Clouds identified 
as optically thick always caused a negative surface response through shading, which 
had negative consequences on moist convection. In this thesis, the surface 
heterogeneous conditions that arose due to vegetation responses to cloud shading is 
called dynamic heterogeneity. To assess the validity of these results in different 
convective conditions, we repeated our analysis for a wide range in wind conditions in 
Chapter 2.  

With increasing background wind, atmospheric roll vortices forced the cloud 
population into streets (i.e., parallel strips of clouds alternated by clear sky). As a 
consequence of the asymmetric stomatal plant response, vegetation streaks arose due 
to cloud shading that negatively affected the surface energy balance. This result shed 
light to a new coupling mechanism that constrained cloud development and reduced 
the in-cloud moisture flux (Chapter 3). Interestingly, since the sunlit areas experienced 
enhanced surface energy fluxes due to the increased atmospheric momentum, thus 
enhanced land-atmosphere exchange, the regional averaged fluxes were comparable 
with a free convective situation. To determine whether the plant-atmosphere-cloud 
coupling could be captured by homogeneous surface responses (i.e., related to a 
response in a NWP or GCM grid box), we performed simulations that were similar in the 
domain averaged surface energy, but differed in their response: interactive versus 
prescribed (Chapter 3). Our findings showed that large misrepresentation of up to 56% 
occurred in the regional moisture flux when the locality of the dynamic plant responses 
to atmospheric perturbations was not taken into account. This highlighted the need that 
these atmospheric flow dependent plant-atmosphere-cloud interactions need to be 
included in the parameterizations of the coarser NWPs and GCMs. When these 
processes are neglected, the stabilizing vegetation response to the atmospheric and 
cloud driven radiation perturbations is likely to be underestimated. As a consequence, 
the predictions of hydrological and carbon balances are liable to failure, with an 
overestimation in moist convection as a result. 

 
Building up on the knowledge acquired under current conditions (Chapter 2 & 3), 

the second objective of this thesis was to advance the understanding of how the plant-
atmosphere-cloud coupling is affected by increased levels of [CO2] and air temperature 
typically associated to climatic changes. To meet this objective, a similar approach was 
employed as compared to the research that addressed our first objective. In Chapter 4, 
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a cloud to plant perspective was taken, where data from an experimental FACE 
campaign was used. In Chapter 5, we took a plant to cloud perspective, by simulation 
the key processes with an atmospheric high-resolution model.  

By analyzing a comprehensive observational dataset of two distinct rice varieties in 
ambient and elevated CO2 environments (+200 ppm) in Chapter 4, we identified a 
strong interplay between influencers on the plant-atmosphere interaction. The 
combination of plant architecture as well as plant physiology drove the response to 
atmospheric perturbations, with an open canopy leading to enhanced mixing rates, as 
well as a warmer in-canopy environment due to enhanced radiative penetration. In 
elevated CO2 environments, the physiological response to this factor became apparent, 
with warmer and drier in-canopy levels in a more closed and less photosynthetic active 
canopy, while the opposite was found in a more open and photosynthetic active 
canopy. Furthermore, no clear stomatal closure effects were found in the latent heat 
fluxes due to enhanced evaporation rates of the irrigated surface water. This distinct 
response to elevations in [CO2] shows the need to accurately account for plant 
physiological properties, including architecture, in modelling approaches, as they have 
a major influence on the surface energy balance and influence yield projections through 
subsequent elevations in canopy temperature, thus the risk of spikelet sterility. 

Inspired by our findings of Chapter 4, we simulated and investigated the sensitivity 
of plant responses to elevations in both air temperature (+2 K) as [CO2] (+200 ppm). 
Our findings showed contrasting responses to elevations in temperature and [CO2] on 
the surface energy balance and momentum transfer. Elevations in temperature yields 
enhanced plant transpiration, thus latent heat flux, and reduced the sensible heat flux. 
As a consequence, the turbulent kinetic energy and buoyancy rates reduced, which 
caused reductions in cloud cover and mid-tropospheric moisture transport. With 
elevations in [CO2], a distinct response occurred, leading to higher sensible heat fluxes 
and lower plant transpiration and latent heat fluxes. With more momentum in the 
atmospheric boundary layer, clouds were able to become deeper and transport more 
moisture into the troposphere.  

When simulating a future atmosphere with both elevations in temperature and [CO2], 
we found an offset in the surface energy balance with nearly identical energy fluxes as 
compared to current situations. However, the plant physiological state was affected, 
with reductions in plant transpiration and increased CO2 assimilation. Although the 
turbulent kinetic energy was relatively high, the level of free convection remained at 
higher altitudes, which hampered cloud development, consequentially reducing the 
cloud cover and in-cloud moisture transport. 
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