
1.  Introduction
The vegetation is a key component of the biophysical processes taking place on and near the Earth's surface. 
In particular, it plays a critical role on the properties and diurnal evolution of the atmospheric boundary layer 
(ABL) (Gentine et al., 2019; Helbig et al., 2021). Plant structure alters the flow within the canopy and up to few 

Abstract  We investigate the atmospheric diurnal variability inside and above the Amazonian rainforest for 
a representative day during the dry season. To this end, we combine high-resolution large-eddy simulations that 
are constrained and evaluated against a comprehensive observation set, including CO2 concentrations, gathered 
during GoAmazon2014/15. We design systematic numerical experiments to quantify whether a multilayer 
approach in solving the explicit canopy improves our canopy-atmosphere representation. We particularly focus 
on the relationship between photosynthesis and plant transpiration, and their distribution at leaf and canopy 
scales. We found the variability of photosynthesis drivers like vapor pressure deficit and leaf temperature to be 
about 3 times larger for sunlit leaves compared to shaded leaves. This leads to a large spread on leaf stomatal 
conductance values with minimum and maximum values varying more than 100%. Regarding the turbulent 
structure, we find wind-driven stripe-like shapes at the canopy top and structures resembling convective cells at 
the canopy. Wind-related variables provide the best spatiotemporal agreement between model and observations. 
The potential temperature and heat flux profiles agree with an observed decoupling near the canopy top 
interface, although with less variability and cold biases of up to 3 K. The increasing complexity on the 
biophysical processes leads to the largest disagreements for evaporation, CO2 plant assimilation and soil efflux. 
The model is able to capture the correct dependences and trends with the magnitudes still differing. We finally 
discuss the need to revise leaf and soil models and to complete the observations at leaf and canopy levels.

Plain Language Summary  Most atmospheric models currently represent the vegetated canopy as 
one slab layer at the lowest level of the model. This oversimplification leads to limitations in our understanding 
on how the canopy and the atmosphere interact, as well as when comparing and interpreting model output with 
real world observations largely influenced by the presence of a canopy. In this study we implemented a more 
realistic multilayer canopy scheme in a turbulence-resolving atmospheric model. We focused and analyzed the 
features and changes that appear in atmospheric variables due to the presence of a three-dimensional canopy. 
To do so we designed several numerical experiments to understand how to best represent the relevant physical 
and biological processes. We quantified the variability of light, humidity and temperature at leaf-level, and 
discussed the large variability the features appearing in the lowest atmosphere by the presence of the canopy. 
We also compare our model simulations with a complete set of atmospheric observations taken inside and 
above the Amazonian rainforest, and find an overall good agreement. We finally propose future ways to 
improve the canopy scheme and, in general, simulations including a vegetated canopy.
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hundred meters above the ground within the so called roughness sub-layer (Finnigan et al., 2009). Due to the 
strong relationship between photosynthesis and plant transpiration, modifications of the flow and radiation within 
the vegetated canopy are not only important for carbon fluxes, but also for the partitioning of the fluxes of energy 
and moisture (Cescatti & Niinemets, 2004; Durand et al., 2021). In fact, vegetation is fundamental in coupling the 
large-scale water and carbon cycles at the very small scales, as both water vapor and CO2 are exchanged simulta-
neously through the stomata present in the leaves (Katul et al., 2012). As such, this coupled system can be studied 
in an integrated manner and connecting processes that take place at leaf, canopy and ABL scales (Vilà-Guerau 
de Arellano, Ney, et al., 2020).

Despite active vegetation having such a major role on determining the near surface atmospheric conditions, 
atmospheric models have traditionally used relatively simple vegetation models with a so called big-leaf or, at 
best, two big-leaf approach (Dai et al., 2004). The big-leaf concept consists on the approximation of a vegetated 
canopy as a single layer of vegetation responding to the environmental forcings at the lowest model level. The 
best known example of a one-leaf model is likely the Penman-Monteith equation proposed to calculate canopy 
evapotranspiration by Monteith  (1965). The two-big-leaf approach builds on this approximation by consider-
ing shaded and sunlit leaves in that single layer (Dai et al., 2004). Interestingly, the necessary upscaling from 
leaf to canopy level when using such models is still a current topic of research. While such bulk approach has 
proved useful to provide some degree of coupling between the surface and the atmosphere, it does not reflect the 
in-canopy vertical distribution of turbulence and transport of momentum, heat, moisture and other scalars and 
may provide the correct exchange for incorrect reasons. The simplified vertical distribution of sources and sinks 
may hinder a correct representation of the magnitude, frequency and spatial features of the exchange between the 
canopy and the atmosphere above. This mismatch between modeling and reality hampers a correct evaluation 
when comparing atmospheric models to point observations. An in-depth comparison between the big-leaf and 
multilayer canopy concepts and their potential and limitations is given by Bonan et al. (2021). As they stressed, 
the new generation of land surface models will require an explicit approach to solve the thermodynamics of the 
canopy coupled to ecophysiology and soil processes.

The presence of vegetation alters essentially the vertical distribution of radiation, wind, turbulence and scalars. 
Therefore, these processes need to be taken into account when simulating explicitly an interactive canopy. 
Previous research has studied them thoroughly through numerical experiments. Here, we will focus only on 
canopy-scale turbulence resolving models, for example, Large Eddy Simulations (LES), given the critical role 
played by turbulence in canopy dynamics. The dynamic effects exerted by the canopy on the near-surface flow 
have been investigated by Shaw and Schumann  (1992), Patton et  al.  (2003), Finnigan et  al.  (2009), Maurer 
et al. (2015), and Ouwersloot et al. (2016), among others. Shaw and Schumann (1992) proposed and implemented 
in LES the first representation of the drag exerted by a canopy on the near-surface turbulent flow. By using 
the same concept of canopy momentum drag, Dwyer et al. (1997) presented the first turbulent kinetic energy 
(TKE) budget based on resolved scales by LES. Patton et al. (2003) further investigated that representation of the 
canopy and reported that canopies produce turbulence at canopy-scales altering the traditional understanding that 
turbulent structures continue to diminish in scale with approach toward the ground. Finnigan et al. (2009) further 
analyzed the canopy-atmosphere interface through LES and described the structures that lead to the sweeps and 
ejections of air between the canopy and the air above. Ouwersloot et al. (2016) implemented the canopy-drag 
effects in the Dutch Atmospheric Large Eddy Simulation (DALES) and validated it against previous LES studies 
as well as wind-tunnel data for a neutrally stable case. For further details, the reader is referred to Brunet (2020), 
which gives an exhaustive review of the current and historical developments in understanding the turbulent flow 
within and above the canopy.

Similarly, the modeling of radiation within the canopy has been studied for decades. Most of these attempts have 
assumed horizontal homogeneity of the canopy and approached the radiative penetration as a one-dimensional 
problem, with de Wit (1965) and Norman (1979) as the early founders of the later refined in-canopy radiation 
schemes. In order to somehow account for horizontal spatial heterogeneities, one-dimensional radiative schemes 
frequently include a leaf-clumping parameter that alters the radiation penetration rate (Fang, 2021; Nilson, 1971). 
More recently, a computationally much more intensive approach has been suggested where the three-dimensional 
properties of radiation and canopies are treated (Kobayashi et  al.,  2012). Using this approach, however, it is 
currently not computationally feasible to encompass scales that range from leaf to the boundary layer scales and 
to integrate other relevant processes such as turbulence. Despite the just mentioned numerous examples, not so 
many studies have attempted to incorporate all mentioned processes into a comprehensive representation of the 
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canopy and its couplings with the atmosphere. In this sense, the pioneering work by Patton et al. (2016) showed 
the impact that a fully coupled canopy exerts on a range of stability-varying boundary layer regimes. Due to the 
full coupling it was possible for them to investigate the impact that a canopy has on near-surface dynamics as 
well as heat and water vapor fields. One of their main findings was that the canopy-atmosphere exchange is partly 
regulated by the entire ABL dynamics. However, this study was mostly based on conceptual simulations and only 
showed a brief validation of the multilayer canopy model by comparing it against the full canopy temperature 
tendency as observed in the CHATS campaign (Patton et al., 2011). Furthermore, they simplified the impact of 
CO2 in the canopy by imposing an homogeneous constant atmospheric CO2 concentration. Ma and Liu (2019) 
implemented an integrative canopy scheme in WRF-LES (Powers et al., 2017) solving the canopy energy balance 
at each vertical level, including the biological effects on varying atmospheric CO2, and validated in-canopy 
momentum, heat and moisture fluxes against the mentioned CHATS campaign. They further explored the scalar 
transport and dynamic impact of a forest edge.

Our broad motivation to focus on the Amazonian rainforest relies on the still open questions that influence key 
elements of the Earth system. In short, it is not yet well understood the governing processes related to precip-
itation (Machado et al., 2014) and their interaction with the land (Gentine et al., 2019). Regarding the carbon 
cycle, it is still an open question whether the Amazonia is shifting from being a carbon sink to a source (Boulton 
et al., 2022), and the response of the rainforest to droughts (van der Laan-Luijkx et al., 2015). Finally, there is 
currently a debate on the relationships between surface processes, boundary-layer and clouds in the formation and 
fate of aerosol particles (Andreae et al., 2018). Our approach toward these challenges, including the coupling of 
biochemical and physical processes, is here of bottom-up: relating leaf to canopy to boundary-layer scales. The 
process description is oriented with the goal to advance our understanding on how the small and short spatiotem-
poral scales occurring at the Amazonian rainforest influence the regional scales.

In the present study we implemented, tested and validated with available observations at the Amazonian rainfor-
est a multilevel canopy model into the Dutch Atmospheric Large Eddy Simulation DALES (Heus et al., 2010; 
Ouwersloot et al., 2016). By simulating most of the turbulence explicitly, the in-canopy radiative processes, and 
the leaf energy balance at each vertical level for sunlit and shaded leaves separately we attempt to represent at 
the essential spatio-temporal scales on orders of meters and seconds the main effects a vegetated canopy exerts 
on the physics of the ABL. Our aim in this study is to show, first, the possibilities that such a canopy model 
uncovers. Simulating the leaf scale processes coupled to radiation and explicit ABL dynamics allows us to reveal 
the high environmental variability at the leaf scale in terms of radiation, vapor pressure deficit (VPD) or leaf 
temperature (Tleaf). Furthermore, we analyze to what extent a bulk or a coarser representation of the canopy 
hampers the correct representation of within and above canopy dynamics, and test different radiation schemes 
acting as a forcing at the canopy top. Our second aim is to reveal the main features that appear in the near-surface 
atmospheric flow in terms of radiation, turbulence, thermodynamics and CO2, and to what extent it matches real 
world observations. To that end we simulate a representative case of observed cloudless days in the Amazonian 
rainforest. The GoAmazon2014/5 project (Fuentes et al., 2016; Martin et al., 2016) deployed a complete set of 
instrumentation for an extensive characterization of the canopy and the air above. The gathered data includes 
measurements of radiation and vertical profiles of state variables and turbulent fluxes of typical meteorological 
variables as well as CO2-related ones.

2.  Methods and Experiment Setup
2.1.  Case Description

The analysis in the present study is based on the daily evolution of atmospheric and canopy conditions in the 
Amazon. The case is based on observations belonging to the GoAmazon 2014/5 project. In particular, this case 
study aims to be representative for sunny and atmospherically unstable recurrent conditions associated with 
clear to shallow-cumulus transitions. Those frequent conditions relate, both within and above the canopy, to 
those happening in the Amazon for the month of September, by the end of the dry season. For that purpose, 
observations gathered along September 2014 are used to create a representative “aggregate day.” Further details 
on the case design can be found in Vilà-Guerau de Arellano, Wang, et al. (2020). In this research we focus on 
the morning transition under clear conditions, a key process in the development of Amazonian boundary-layers.

The simulations start at 8 local time (LT) and end at 16 LT so that they contain the most relevant features of 
the diurnal variability. A gridbox size of 3 × 3 × 3 m 3 and a domain of 3,024 × 3,024 × 2,802 m 3 is used in 
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all numerical experiments unless otherwise stated, resulting in almost 950 
million gridboxes. Such computationally intense effort is needed in order to 
resolve the small scales of the turbulent flow taking place within the canopy 
as well as the larger boundary-layer scale eddies. The simulated canopy has 
a Leaf Area Index (LAI) of 5 m 2 m −2. A PAD profile similar to that used in 
Patton et al. (2016) is imposed given the diversity of Plant Area Density (PAD) 
profiles across Amazonian vegetation (see Figure 1). In this respect, we do 
not to intend to represent here explicitly each of the vegetation species on the 
area around the site of study. Instead, we prescribe an ensemble of horizon-
tally homogeneous vegetation properties aiming to give an aggregated effect 
of all local vegetation types. See Table  A1 and Vilà-Guerau de Arellano, 
Wang, et al.  (2020) for more details. The height of the modeled canopy is 
34.5 m and results in DALES simulating 12 vertical levels within the canopy. 
There is an unresolved understory vegetation with LAI = 1 m 2 m −2 at the 
lowest model level. This understory vegetation together with the underly-
ing soil is further represented with a surface albedo of 0.15 and lowest level 
roughness lengths of z0h  =  0.1 and z0m  =  0.5. The soil is simulated by 4 
layers with the lowest boundary having a fixed temperature of 297 K. Details 
on roots, moisture content and temperature of each soil layer are identical 
to those described in the original experiment in Vilà-Guerau de Arellano, 

Wang, et al. (2020). The initial atmospheric fields within and near the canopy originally set in Vilà-Guerau de 
Arellano, Wang, et al. (2020) have been modified to take into account the particular conditions inside and above 
the canopy. The modifications involved the adjustment of the prescribed initial profiles and canopy settings to 
better fit inside-and-near canopy observations, and can be found in Appendix A. Note however that the constant 
and vertically uniform U = −7 m s −1 and V = −1 m s −1 winds originally prescribed by Vilà-Guerau de Arellano, 
Wang, et al. (2020) remain unchanged.

Four numerical experiments were performed in total and are summarized in Table 1. The reference experiment 
REF uses the mentioned 3 × 3 × 3 m 3 gridbox size, a canopy with LAI = 5 m 2 m −2 spanning across 12 vertical 
levels and the Delta-Eddington radiation scheme (Joseph et al., 1976; Shettle & Weinman, 1970) for SW and 
successfully used in previous DALES studies (Barbaro et  al., 2013; Pedruzo-Bagazgoitia et  al., 2017; Sikma 
et al., 2019). Since we are interested in studying the in-and-above canopy dynamics under clear-sky conditions, 
we deactivated cloud formation in DALES for all experiments to avoid additional variability in radiation at 
canopy top. We also neglect aerosol radiative effects within the simulated domain, and LW is only calculated 
within the canopy given the relatively small diurnal variability above canopy top. The second experiment RAD is 
identical to REF except in the SW computation, where the more accurate but computationally expensive RRTMG 
scheme is used (Iacono et al., 2008). The purpose of RAD is to show that a faster and simpler radiation scheme, 
that is, the Delta-Eddington scheme, is able to properly simulate the diurnal solar cycle at the canopy top. The 
main difference between Delta-Eddington and RRTMG in what concerns our study is that the former uses an 
approximation for the reflection and transmission of light. Furthermore, the Delta-Eddington employed considers 
only liquid water to interact with radiation, in contrast with RRTMG where the shortwave radiation scattering 
by methane, water vapor, CO2 and other chemical species is calculated. At this latitude and time of the year the 
sun rises and sets at around 6 and 18 LT respectively. Regardless the radiation scheme used, all simulations 
reproduce the diurnal cycle of SW radiative forcing near the surface. The third numerical experiment COARSE 

explores whether a coarser resolution is sufficient to reproduce with similar 
accuracy the state of the canopy and the interactions between the canopy and 
the atmosphere above. To that end COARSE employs the same domain but 
with a 6 × 6 × 6 m 3 gridbox size resulting in almost 9 times fewer gridpoints 
than REF. The difference between the last numerical experiment BULK and 
REF is that the former uses the zero-order or bulk canopy model previously 
available in DALES (Pedruzo-Bagazgoitia et al., 2017; Ronda et al., 2001; 
Vilà-Guerau de Arellano et  al.,  2014) and similar to what other LES and 
meteorological models employ. Such comparison allows to quantify the 
effects typically missed by most models when the canopy vertical hetero-
geneity, turbulent flow and vegetation response is fully parameterized and 

Figure 1.  Vertical profiles of prescribed canopy plant area density (PAD) in 
black and leaf area index (LAI) in gray for REF (full) and COARSE (dashed).

Table 1 
Overview of the Performed Numerical Experiments With Their Most 
Relevant Settings

Name SW radiation scheme Canopy model Gridbox size (m 3)

REF Delta-Eddington Multi-layer 3 × 3 × 3

RAD RRTMG Multi-layer 3 × 3 × 3

COARSE Delta-Eddington Multi-layer 6 × 6 × 6

BULK Delta-Eddington Bulk 3 × 3 × 3
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limited to take place at the surface level (see Figure 2). We assumed in BULK a displacement height d = 30 m 
equal to the height of the lowest tree tops in the canopy for a fair comparison with the other experiments.

The following sections deal with the specifics of the LES model and the multilayer canopy implementation, and 
the observations used to constrain and validate the numerical experiments.

2.2.  The DALES Model and Canopy-Model Implementation

The Dutch Atmospheric Large Eddy Simulation is a LES model under constant development since the 1970s 
(Cuijpers & Duynkerke, 1993; Heus et al., 2010; Nieuwstadt & Brost, 1986). The starting point for this study is 
DALES 4.2, where the multilayer canopy model and leaf energy balance have been implemented. Concerning 
the model parts of interest for this study, three pieces of work paved the way for the multilayer interactive canopy 
scheme presented here. The mechanistic A-gs model, based on plant physiological aspects at leaf level, was 
developed by Jacobs and de Bruin (1997) and upscaled to represent the entire canopy by Ronda et al. (2001). This 
A-gs scheme has been used successfully for almost 10 years in DALES to predict surface fluxes, including the 
CO2 flux, based on the response of plant stomata to soil, radiative and atmospheric conditions (Vilà-Guerau de 
Arellano et al., 2014). Recently, van Diepen et al. (2022) found similar responses of net photosynthesis to PAR 
and CO2 in A-gs compared to the well-known Farquhar model (Farquhar et al., 1980). Ouwersloot et al. (2016) 
implemented in DALES the drag and dynamic effects of rough elements in a neutral turbulent flow and compared 
it with laboratory experiments. They demonstrated that DALES could correctly reproduce the dynamic effects 
on the flow of an inert canopy at the lowest vertical levels, both within and above the canopy. Meanwhile, 
an initial shortwave radiative transfer scheme for the sub-grid canopy was proposed and tested for DALES 
(Pedruzo-Bagazgoitia et al., 2017). This 2 big-leaf scheme permitted the vegetated surface to react differently 
to diffuse and direct radiation given their distinct penetration rates along the canopy. With the implementation 
showed here, the work toward a fully interactive multilayer canopy in DALES moves one step forward.

In short, the single-column canopy model is implemented at every canopy gridbox and is based on that by Patton 
et al. (2016). Its functioning can be described in 4 steps. First, both the upwards and downwards components of 
bulk shortwave (SW) and longwave (LW) radiation profiles are calculated at each gridpoint using a single-column 
radiation scheme. The original shortwave radiation scheme is described in Pedruzo-Bagazgoitia et al. (2017) and 
has been modified based on the work by Goudriaan and van Laar (1994) for an improved conservation of energy 
and representation of radiation absorbed by the ground. The scheme represents the vegetation as a homogene-
ous sub-grid mesh and, given the downward SW at the canopy top, calculates the vertical profiles of downward 
direct and diffuse components as well as upward shortwave radiation. In addition, it also provides the absorbed 
SW radiation by sunlit and shaded leaves at each vertical level, the effective canopy albedo for direct and diffuse 
SW and the radiation absorbed by the ground vegetation and the soil. Clumping of leaves is considered, as it is 

Figure 2.  Schematic illustration of the processes and variables involved in the traditional 0-order or bulk canopy scheme 
used in most atmospheric models (left) and the implemented multilayer canopy in the present study (right).
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frequently done (Williams et al., 2017), by introducing a modulating factor between 0 and 1 that modifies the 
exponential shape of the radiation extinction coefficient. We show a brief validation of the scheme for Amazonian 
conditions in Appendix B. As for the in-canopy LW, the scheme follows Patton et al. (2016) and assumes LW 
received by leaves to be dependent solely on the local air temperature for shaded leaves and on both the local air as 
well as apparent clear-sky emissivity (Brutsaert, 1975) for sunlit leaves. Being a single-column model, it neglects 
horizontal radiation fluxes across neighboring columns.

The second step consists on the computation of the leaf energy balance for sunlit and shaded leaves at each verti-
cal level through an iterative method. In earlier work, DALES relied on an A-gs model to determine the canopy's 
bulk stomatal conductance using a two big-leaf approach (Pedruzo-Bagazgoitia et al., 2017). Here, we closely 
follow Patton et al. (2016) by extending DALES’ plant physiological-mechanistic A-gs model vertically through 
the canopy to obtain vertically resolved leaf-level temperature, stomatal conductance and heat, moisture fluxes 
based on the radiative and environmental local conditions for sunlit and shaded leaves separately. It is important 
to note that the vertical integration of leaf-level stomatal conductance does not necessarily equal the bulk canopy 
stomatal conductance due to non-linearities in the Penman-Monteith equation, see Bonan et al. (2021). Consist-
ent with Patton et al. (2016), we follow Nikolov et al. (1995) to solve the leaf energy balance, and rely on both 
Leuning et al. (1995) and Nikolov et al. (1995) when calculating leaf boundary layer conductance. Different from 
Patton et al. (2016) where leaf-level stomatal conductance responded to a constant atmospheric CO2 concentra-
tion, we transport CO2 in DALES and hence photosynthesis controls on stomatal conductance are now influenced 
by time- and space-evolving atmospheric CO2 concentration (see Appendix B).

Once the leaf-level fluxes are obtained, the third step is to upscale these leaf-level sources or sinks per unit volume 
to equivalent sinks or sources at each gridbox. For this, we make use of the plant area density vertical profile as 
well as the ratio of sunlit and shaded leaves at each vertical level. In the last step the LW profile within the canopy 
is updated with the re-calculated leaf temperature distributions. Afterward the radiation profiles as well as the 
vertically distributed temperature and scalar sinks and sources are passed on to the thermodynamic core of the 
LES model. Although it is possible in DALES account for a lag on stomatal response times (Sikma et al., 2018), 
for the sake of simplicity we assume an inmediate stomatal response to the environmental conditions.

Appendix B contains a more detailed description on the canopy model implementation.

2.3.  Observations

The observations used in the present study are part of the observational campaign GoAmazon2014/5. In particu-
lar, we employ 30-min averaged above-canopy observations of latent and sensible heat fluxes, net radiation, 
momentum and CO2 fluxes at a height 48.2 from the 50-m tall K34 tower located at the Cuieiras Biological 
Reserve (2° 36′ 32″S, 60° 12′ 33″W) (Fuentes et al., 2016). An infrared gas analyzer (model LI-7500A, LI-COR 
Inc., Lincoln, Nebraska) was used to obtain the information needed to compute latent heat and CO2 turbulent 
fluxes above the canopy. Additional observations on in-and-above canopy wind as well as momentum and 
temperature turbulent fluxes were collected during a field campaign conducted from March 2014 to January 
2015. The K34 tower was instrumented with a vertical array of 9 sonic anemometers (model CSAT-3, Campbell 
Scientific Inc). Given the canopy height hc ∼ 35 m, heights of the array corresponded to 𝐴𝐴

𝑧𝑧

ℎ𝑐𝑐

  = 0.2, 0.39, 0.52, 0.63, 
0.70, 0.90, 1.00, 1.15, and 1.38. Sonic anemometers recorded the three components of wind velocity (u, v, w) and 
sonic temperature Ts at 20 Hz frequency from which 30 min averages for wind speed and covariances 𝐴𝐴 𝑢𝑢′𝑤𝑤′ , 𝐴𝐴 𝑤𝑤′𝑇𝑇

′

𝑠𝑠  
were calculated. No detrending nor stationarity test was applied to the measurements, thus the previous should 
be considered raw covariances.

All previous observations correspond to the month of September 2014 and have been filtered to keep only clear-
sky and shallow convective days. In addition, we used in Appendix B observations of photosynthetically active 
radiation (PAR, between 400 and 700 nm) collected near the Amazon Tall Tower Observatory (ATTO) (2° 8′ 
44″S, 59° 0′ 17″W) during 2015. PAR was measured in a vertical profile inside the undisturbed canopy with 
energy sensors model SKE 510 from Skye Instruments. The sensors were mounted in 4 m long aluminum masts 
and collected data every minute from 29 September 2015 to 13 March 2016. Three sensors were installed as 
sensors facing up and three more sensors facing down at the south, east and west sides of the tower at 39 m. At 
the following heights and orientations one sensor facing up and another one facing down were installed: above 
the canopy; at the south side at a height of 33 m; at the west side at a height of 28 m; at the east side at a height of 
22 m; at the south side at a height of 16 m; at the west side at a height of 11 m; at the east side at a height of 5 m.
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3.  Results
Solving the leaf energy balance for sunlit and shaded levels independently at each vertical level in the canopy 
provides us with the unique opportunity to analyze the near-leaf-scale environment and related processes. In 
Figures 3 and 4 we display the vast range of environmental conditions taking place in our 3 × 3 × 3 m 3 discre-
tization for shaded and sunlit leaves, respectively, and how that affects the resulting water stomatal conductance 
gs. The stomatal conductance values in Figure 3 show that the photosynthesis in shaded leaves is low in general, 
and is limited, to a large extent, by the light availability. While VPD and leaf temperature play a small and no 
role, respectively, in modulating the leaf stomatal conductance in shaded leaves, the absorbed SW is the main 
factor limiting gs. These findings are confirmed through the r correlation coefficients displayed on the upper 
half of Table 2. The limited ranges of absorbed SW radiation values in both Figures 3 and 4 reflect the still 
one-dimensional nature of the canopy radiative scheme. Despite this scheme being implemented at every canopy 
gridpoint, the homogeneously prescribed PAD vertical profiles combined with an equally horizontally homoge-
neous SW forcing at canopy top limits the variability of Abs SW. A more diverse distribution of Abs SW values 
is expected in cloudy or, particularly, partly cloudy conditions.

Figure  4 shows that leaf temperature and VPD influence the resulting stomatal conductance in sunlit leaves 
more than in shaded ones. With absorbed SW still regulating partly the leaf activity (see r = 0.360 in lower 

Figure 3.  On the left, relation at 12:00 LT between instantaneous absorbed shortwave radiation (Abs SW) by vegetation 
on the vertical axis, Vapor Pressure Deficit (VPD) and leaf temperature (Tleaf) on the horizontal axes with the color-coded 
resulting water stomatal conductance (gs) for all shaded leaves in the canopy in REF. On the right, the 3 figures show the 
normalized counts in the canopy for each variable associated to the stomatal conductance in color. The normalized count is 
defined as the number of canopy gridboxes with values within a certain bin divided by the total number of canopy gridboxes.

Figure 4.  As in Figure 3 but for sunlit leaves.
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half of Table 2), we now find that increasing Tleaf and VPD lead to lower gs. 
The anticorrelation between VPD and gs has been consistently reported under 
all environmental conditions (Fu et  al.,  2018; Massmann et  al.,  2019). An 
increase in Tleaf, however, may lead to larger or lower gs depending on whether 
the initial leaf temperature is lower or higher than the optimal leaf tempera-
ture for photosynthesis (Jacobs et al., 1996). The A-gs model explicitly takes 
that behavior into account. Therefore, given the strongly negative correlation 
between gs and Tleaf with r = −0.934 (lower half of Table 2), we conclude 
that in the simulated environmental conditions, typical of the Amazonian 
dry season, leaf temperature is above the optimal temperature at 12 LT. This 
agrees with studies like the one by Hernández et al. (2020) where they esti-
mated the optimal temperature of three different tree species in Panama to be 
below 32°C for sunlit leaves. A comparison between Figures 3 and 4 provides 
information on the range over which leaf environment varies. The range in 
VPD and Tleaf is of about 1 kPa and 3.5°C respectively in shaded leaves, while 

these ranges are about three times larger in sunlit leaves, of about 3 kPa and 9°C. We also find Tleaf and VPD to 
be highly correlated in sunlit leaves, while this is not the case in shaded ones (see bottom projections in Figures 3 
and 4 and Table 2).

The changing environmental conditions were just shown to clearly affect stomatal conductance and its 
spatial variability. This, in turn, leads to heterogeneities in the local exchange of CO2 and in the redistribu-
tion of available energy between sensible (SH) and latent (LE) heat fluxes both across height and the hori-
zontal dimensions within the canopy. We show such variability in the horizontal cross-sections for the three 
sources/sinks at canopy top and bottom (Figure 5). Note that the sources and sinks displayed in Figure 5 are 
at the gridbox scale and, thus, per m 3; and that they are termed local as they only represent the moisture, 
CO2 and heat entering or leaving  the atmosphere at each gridbox without considering the background turbu-
lent flux. A first inspection shows the decreasing impact of wind with canopy depth: the canopy top shows 
stripe-like shapes oriented in the x direction, contrasting with the cell-like structures at canopy bottom. The 
three fluxes are characterized by a negative skewness as they show strong negative fluctuations, weaker 
in the case of SH. These negative fluctuations of the three fluxes are relatively stronger at the canopy top, 
where reductions in flux values are up to 35%, 20%, and 30% for LE, SH, and FCO2 respectively. This is 
more visible in the lines plotted above and right of each cross section. The distance between minima visible 
in those lines are of at least 100 m, suggesting that these dynamics are influenced by scales larger than that 

Table 2 
Pearson Correlation Coefficients r for the Leaf Level Variables Displayed 
in Figures 3 and 4 for Shaded and Sunlit Leaves on the Top and Bottom 
Tables, Respectively

VPD Abs SW Tleaf

gs 0.415 0.996 −0.006

Tleaf 0.207 0.023

Abs SW 0.480

gs −0.916 0.360 −0.934

Tleaf 0.922 −0.207

Abs SW −0.037

Figure 5.  Instantaneous horizontal cross section at 12:00 LT of the canopy bottom (z = 4.5 m, lower left triangle) and canopy top (z = 34.5 m, upper right triangle) (a) 
showing the deviation from the slab average for latent heat local source, (b) sensible heat local source and (c) CO2 flux local sink in REF. On the top and right of each 
subfigure, absolute values at canopy top and bottom along the Y = 1,500 m and X = 1,500 m lines, respectively.
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of the canopy. Those lines also show a clear one-to-one match between the moisture and CO2 fluxes due to 
their coupling through photosynthesis.

The heterogeneous and vertically varying sources and sinks of heat, moisture and CO2 combined with the wind 
profiles have a direct impact on the state variables inside the canopy. Figure  6 shows the within and above 
canopy conditions for moisture, heat and CO2 of a 1,000 m long cross section of the simulated domain. The 
canopy is characterized by more moist and CO2-rich air, and by temperature growing with canopy height and 
peaking above the level of maximum canopy density 1, as also found by Patton et al. (2016). Such temperature 
height-dependency is visible in the gray lines in left sub-figure for Figures 6a–6c. We define here the slab-average 
as the average of a quantity across both horizontal directions. The slab-averaged fluxes at leaf level for sunlit and 
shaded leaves are displayed on the right of each vertical cross-section. The resulting sink or source at the gridbox 
scale of these leaf-level fluxes was displayed in Figure 5 for two selected heights. All the slab-averaged vertical 
profiles of the leaf-level fluxes increase with canopy height, except for the lower levels of shaded SHleaf. We find 
a stable stratification with potential temperature peaking a few meters below the canopy top. This will be further 
studied in Figure 10. The reader should note that the sunlit leaf-level fluxes are in the order of 3, 100 and 20 times 
larger than at shaded leaves for moisture, heat and CO2, respectively. The cross-sections allow us to visualize the 
turbulent structures that regulate the exchange between the canopy and the air above (Denmead & Bradley, 1985; 
LeMone et al., 2019; Shaw & Patton, 2003). A sweep transporting drier, colder and CO2-rich air downwards and 
penetrating the canopy is clearly visible at around x = 700 m. Similarly, an ejection of moist, warm and CO2-poor 
air upwards can be seen at x = 550. It is worth noting the role played by soil processes: there is a compensation 
of the CO2 plant assimilation by soil respiration, leading to CO2 concentration increasing near-surface. This is 
also found in the mean CO2 profile as well as in the cross section in Figure 6c and will be further discussed in 
Figure 10.

An important aim of our research is the validation of the canopy model with observations and to demonstrate the 
need for comprehensive data sets. In the following figures we show an extensive validation of the four simulations 
described in Section 2.1 with the observations gathered during the GoAmazon2014/5 campaign. The radiative 
properties above the canopy are shown in Figure  7. There, we evaluate the use of RRTMG and the simpler 
Delta-Eddington radiation schemes. Both schemes perform similarly given the generally cloudless conditions and 
that aerosol effects are not considered. A convenient consequence of using the multilayer canopy model is that the 
effective canopy albedo varies dynamically in a realistic manner with the position of the sun, ranging from 0.165 
to 0.115, because of the dependence of leaf scattering on solar angle. This variation also provides more realistic 
values for reflected shortwave radiation above the canopy as seen in Figure 7b. Here, the prescribed constant 
albedo for BULK is a compromise to mimic the reflected SW but shows clear deviations from observations of as 
much as 25 W m −2 at 12:00 LT.

We show in Figure  8 the turbulent fluxes for momentum, moisture, temperature and CO2 both modeled 
and observed at a height of about 48 m, around 13 m above the top of the canopy. This figure helps to 
quantify the impact of explicitly simulating a multilayer canopy versus a bulk approach (Figure 2) in the 
above-canopy flow. Both REF and COARSE follow the observed mean values regarding u∗, LE and SH after 
the first hour of spinup. This suggests that both the dynamics of the flow within and near the canopy as well 
as the leaf energy balance that regulates the partitioning between sensible and latent heat flux are suffi-
ciently well reproduced in the simulations to match above canopy conditions. However, the CO2 flux in both 
REF and COARSE overestimates the increasing negative values after 10:00 LT. This finding points toward 
an insufficient replication of carbon processes in the model. Possible causes for the misrepresentation are 
of soil and ecophysiological origin: an underestimation of soil respiration or the overestimation of CO2 
uptake at leaf level. These issues reinforce the need to have detailed measurements for the photosynthesis 
dependance on PAR and on the carbon gradient between the leaf and surrounding air at short spatiotemporal 
scales (Vilà-Guerau de Arellano, Ney, et al., 2020). The BULK simulation shows larger discrepancies, fall-
ing outside the standard deviation, with the observed fluxes in Figures 8a–8c. This is particularly clear for 
u∗, demonstrating that a 0-order canopy representation cannot reproduce the canopy-induced modification 
to the turbulence (Finnigan et  al.,  2009), missing therefore important features of the canopy-atmosphere 
interaction such as the momentum transport by sweeping and ejection motions (Shaw & Patton,  2003). 
Interestingly, BULK suggests a different partition on the leaf energy balance given lower (larger) LE (SH) 
in the afternoon. The fluctuations at the first 30 min of the simulations are due to the spin-up needed by the 
model to fully develop turbulence.
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Figure 6.  Instantaneous vertical cross sections of a domain subset of REF at 12:00 LT of the boundary layer lowest 70 m displaying the instantaneous fields for 
specific humidity qt (a), liquid potential temperature θl (b) and CO2 concentration (c) in color shades. Wind direction is shown in gray streamlines. On the left of each 
cross section, slab-average values of the shown variable in gray and of the associated turbulent flux in black. On the right of each cross section, slab-average values of 
the associated flux at leaf level for shaded (dark) and sunlit (light) leaves. Note that the canopy is present only up to 34.5 m.
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The vertical distribution of the heat and momentum turbulent fluxes inside the canopy at three selected times is 
further studied in Figure 9. The lack of observations with sufficient vertical resolution does not allow the vali-
dation of other turbulent fluxes, that are therefore shown in Appendix C. The discrepancies in Figure 9 vertical 
profiles between BULK and other simulations in above-canopy fluxes shown in Figure 8 are due to an unrealistic 
description of the turbulent fluxes at the canopy-atmosphere interface. Using a multilayer canopy, both REF and 
COARSE profiles show the benefit of solving turbulence explicitly in order to represent, at least qualitatively, the 
typical shape and inflexion point in fluxes below canopy top (Finnigan et al., 2009). The COARSE experiment 
shows a good fit to momentum flux observations with deviations from the mean below the standard deviation. 
However, in-canopy 𝐴𝐴 𝑤𝑤′𝜃𝜃′ observations show that COARSE overestimates the heat fluxes below canopy top, 

even if most of the flux is explicitly resolved, by as much as 0.05 K m s −1. The above canopy 𝐴𝐴 𝑤𝑤′𝜃𝜃′ observation 
variability at 13 LT is too large to asses whether REF or COARSE are a closer representation of the flux. The 
reader should also note the large variability in above-canopy momentum flux observations. BULK is shown to 
underestimate the momentum flux at every level above the canopy and misses completely its logarithmic growth 
above the canopy top.

The main state variables inside and above the canopy at the same selected times are depicted in Figure  10. 
Observed moisture and temperature show here larger relative discrepancies. Interestingly, the results reported 
by Ma and Liu (2019) in their LES experiments showed qualitatively similar disagreements with observations 
in a sparse orchard. Although Figure 6 showed REF to be weakly stable within the canopy up to the height of 
maximum PAD, none of the experiments reproduces accurately the strength of this thermally stable layer inside 
the canopy and underestimate the air temperature below canopy top by about 3.5 K. The disagreement is also 
large in the moisture profiles with differences between experiments and observations of as much as 6 g kg −1 
in the mid-canopy. Ma and Liu  (2019) suggested the large-scale motions and advection as the source for the 
moisture underestimation inside the canopy. The wind profiles are remarkably well reproduced both by REF and 
COARSE in terms of the shape, logarithmic above the canopy and exponential from canopy-top down into the 
canopy, as well as in magnitude. The limitations of BULK are apparent there: BULK overestimates windspeeds 
just above the canopy by as much as 2.5 m s −1 as it was suggested by its underestimated momentum flux 𝐴𝐴 𝑢𝑢′𝑤𝑤′ 
in Figure 9. The CO2 concentration profiles reproduce to a certain extent the unique CO2 observations above the 
mid-canopy with deviation from the observed mean below 10 ppm. The little vertical variability of the in-canopy 

Figure 7.  (a) Time series of slab-averaged downwards shortwave radiation SWd, (b) upwards shortwave radiation SWu, (c) net radiation Qnet, and (d) resulting canopy 
albedo above canopy top for the REF (full line), BULK (dotted) and RAD (dash-dotted) experiments. Observations are shown by the red dots, with the red shade width 
being two times the standard deviation across the sampled days.
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CO2 profiles suggests an overestimation of the mixing inside the canopy. For near-surface observations, however, 
large discrepancies of as much as 30 ppm are found, reinforcing the idea that soil respiration is not accurately 
represented in the numerical experiments.

4.  Discussion
The results shown above suggest several points for discussion and further work in the field of canopy-atmosphere 
interactions at small spatiotemporal scales, both in the modeling and observational aspects. As for the obser-
vations, there is currently a clear lack of data concerning both the radiative as well as the ecophysiologi-
cal processes inside the vegetated canopy in combination with usual state meteorological variables such as 
wind, temperature and specific humidity. Long term co-located measurements of all these processes would 
be the end goal, while intensive and short campaigns would already be of use for the modeling commu-
nity. As coupled models advance in the explicit solving of those processes, the availability of data sets with 
high-spatiotemporal resolution against which numerical experiments can be validated in terms of, for exam-
ple, upwards and downwards radiation, leaf temperatures or stomatal conductance, is indispensable (Helbig 
et al., 2021; Vilà-Guerau de Arellano, Ney, et al., 2020). In the case of leaf measurements such as leaf-level 
fluxes, leaf temperature and stomatal conductance, there is plenty of data on laboratory conditions. However 
in-canopy observations of the previous variables, where all atmospheric and biologic processes take place 
simultaneously, are much scarcer.

Figure 8.  (a) Time series of slab-averaged friction velocity u∗, (b) latent heat flux LE, (c) sensible heat flux SH, and (d) CO2 
flux above canopy top for REF (full lines), COARSE (dashed) and BULK (dotted) experiments. A moving 30-min average 
was done on all modeled fluxes. Observations are shown by the red dots, with the red shade width being two times the 
standard deviation across the sampled days. All simulations show fluxes at the closest vertical level to the observation height 
of 48.2 m, except for BULK, where we plot the closest level to 48.2 − d, with d the displacement height.
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Results in Figures  8 and  10 showed that the numerical experiments miss partly some of the in-canopy 
processes affecting moisture and carbon, particularly near the ground. Related to the above mentioned 
observation scarcity, these discrepancies point to the need to refine the model representations of soil and 
ecophysiological processes, where real-world data availability is crucial. At the same time our comprehen-
sive numerical simulations in the upper-part and above the Amazonian rain-forest are useful to advance 
the understanding on how the inertial sublayer and roughness sublayer influence the measurements of 
mean state variables, variances and fluxes (Dias-Júnior et  al.,  2019) and they further contribute towards 
more realistic canopy representations when assessing the role of topography on surface flux measurements 
(Chamecki et al., 2020).

The finding that carbon processes need to be better represented in our model suggests that the exchange of other 
related chemical species between the canopy and the atmosphere may not be correctly represented in current 
models. The most direct example of a related flux is the evapotranspiration due to the coupled water and carbon 
exchange during plant photosynthesis. Comparing modeled and measured fluxes of stable isotopologues, helpful 
to discriminate NEE contributions between plant assimilation and soil respiration, could help in shedding light 
on the in-canopy carbon processes. Although it requires further studies, such isofluxes can be already observed 

Figure 9.  Slab 30-min averaged vertical profiles within and above the canopy of the turbulent momentum flux 𝐴𝐴 𝑢𝑢′𝑤𝑤′ (top) and heat 
flux 𝐴𝐴 𝑤𝑤′𝜃𝜃′ (bottom) at 9:00 LT (left), 11:00 LT (center) and 13:00 LT (right) for REF (full line), COARSE (dashed) and BULK 
(dotted) experiments. Black and gray lines show the total (tot) and resolved (res) fluxes, respectively. Observations are given by 
the red dots, with the red shade width being two times the standard deviation across the sampled days. The green horizontal lines 
indicate the observed lowest and highest tree tops in the canopy. Note that the vertical coordinate is z + d for BULK.
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(Griffis, 2013) and modeled (Vilà-Guerau de Arellano et al., 2019), and are susceptible to show similar biases 
when using our canopy scheme. Similarly, ozone and biogenic volatile organic compound (BVOC) or isoprene 
fluxes, giving information on the state of the photosynthesizing leaves, may suffer from related biases as the 
ones shown here for carbon processes. This further reinforces the need for integrated and comprehensive studies 
combining both the physics and the chemistry of the canopy.

The in-canopy radiative transfer scheme is shown in Figure 7 to provide reliable SW radiation at the canopy 
top. In addition, Figure B1 shows acceptable results for the downwelling PAR component inside the canopy. 
Although the lack of GoAmazon2014/5 observations at the time of the numerical experiments hinders the 
identification of representation errors, the available data suggests that a multiband radiative transfer scheme, 
including the spectral dependency of leaf-radiation interactions, would further improve the absorbed PAR 
and in-canopy profiles. In that respect, current radiation measurements and modeling initiatives to include 
a better wavelength dependence show the convenience of higher detail on the spectral radiative transfer 
(Moon et al., 2020). A further improvement in the representation of radiation would imply the addition of 
three-dimensional radiative effects both above the canopy, particularly important in partly cloudy conditions, 
and inside the canopy to account for horizontal heterogeneities in vegetation. Despite the computational as 
well as conceptual challenge this implies, we find it relevant since the canopy models can only be used as an 
horizontally homogeneous approximation of real-life conditions as long as those three-dimensional processes 
are not incorporated.

Finally, the relatively small domain currently possible in the present study, on the order of 10 km, also poses a 
limitation in the represented scales, as it is often argued in LES studies. The high resolution, finer than 10 m, 
needed to start resolving the canopy processes is an additional constrain for the computational cost involved. 
Therefore, as also suggested by Ma and Liu (2019), the results showed here may benefit from having a representa-
tion of scales larger than the simulated domain. A possible solution currently feasible is to embed simulations like 
the ones presented here in larger scale models that account for synoptic and mesoscale variability, or to perform 
less idealized simulation with realistic and time-varying lateral forcings.

Figure 10.  As in Figure 9 but for (a–c) temperature T, (d–f) specific humidity qt, (g–i) horizontal wind U, and (j–l) CO2 concentration.
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5.  Conclusions
In this study, we present numerical experiments explicitly resolved from the atmospheric boundary 
layer scales down to nearly leaf level scales in the Amazonian rainforest. To that end, we implemented a 
single-column multilayer canopy model in DALES. Verification is carried out with a comprehensive obser-
vational data set gathered in and above the canopy during the month of September 2014, representative 
of a fair weather day, and the model is validated it by reproducing a day with atmospherically unstable 
and typical fair weather Amazonian conditions. To our knowledge, this is the first validation of in-canopy 
carbon processes in a LES model. Provided with the needed radiative and thermodynamic forcings by the 
LES model, the multilayer canopy scheme performs the radiative transfer calculations through the canopy, 
the leaf energy balance for sunlit and shaded leaves independently at each vertical level and the conversion 
of the resulting leaf level fluxes to grid-scale sources and sinks. We systematically constructed numerical 
experiments to answer our research questions in terms of needed resolution, complexity of radiation transfer 
scheme and overall impact of the multilayer canopy scheme. Key in the validation process was the use of an 
extensive data set of meteorological observations inside and above the vegetated canopy gathered during the 
GoAmazon2014/5 campaign.

The use of a very fine resolution of up to 3 × 3 × 3 m 3 allowed us to display the large environmental variability 
in terms of radiation, moisture and temperature present at the leaf scale and the overall impact these factor exert 
on stomatal conductance. This is a key variable as it regulates the exchange of water and CO2 between the canopy 
and the atmosphere and, consequently, the leaf temperature and the related canopy sink or source of heat. The 
in-canopy environmental variability was found to be about three times larger for sunlit than shaded leaves in terms 
of vapor pressure deficit and leaf temperature. At the canopy scale the wind was found to drive the formation of 
striped shapes on the local sources or sinks of heat, moisture and CO2 at canopy top, while at the lower canopy 
cell-like structures were dominant. Due to the used domain of about 3 × 3 × 2.8 km 3 where the full turbulent ABL 
is included we identified typical structures of the exchange between the canopy and the atmospheric boundary 
layer such as ascending ejections of moist, warmer and CO2-poor air and descending sweeps with dry, colder and 
CO2-rich air. The vertical variability of horizontally averaged leaf level fluxes was also studied differentiating 
between fluxes of sunlit and shaded leaves. There, we found the sunlit leaf-level fluxes of moisture, heat and CO2 
to be around 3, 100, and 20 times larger, respectively, than the shaded leave-level fluxes at the time of maximum 
solar insolation.

The complete observational data set was used to validate above and inside canopy meteorological variables. 
Above-canopy radiation and turbulent fluxes were shown to agree to a large extent between observations and 
simulations, with some disagreements in the CO2 flux above canopy starting in the late morning. Results showed 
that any of the canopy multilayer descriptions improves the traditional bulk canopy representation. A finer spatial 
resolution was shown to be beneficial for the representation of these variables. Concerning the in-canopy varia-
bles, turbulent fluxes of momentum and heat showed overall the benefit of using a multilayer canopy compared 
to typical bulk canopy schemes. Similarly, the representation of state variables such as temperature and wind 
inside the canopy was improved by the multilayer canopy experiments, while humidity and CO2 shown some 
disagreements particularly at the low canopy.

We finally discussed some of the issues encountered during the study such as the scarcity of complete data sets 
describing the radiation, thermodynamics and ecophysiology of the boundary layer-canopy continuum. We also 
described the limitations in our numerical experiments, namely: on the soil and ecophysiological processes driv-
ing the moisture and carbon distribution; on the in-canopy broad-band radiative transfer scheme; and on the lack 
of complete observation sets covering canopy and meteorological processes. Based on these limitations we also 
suggested directions for further improvement in representing the interactions at the sub-daily scale between the 
canopy and the atmospheric boundary layer.

Appendix A:  Modifications to Original Case Setup
Table A1 and Figure A1 show the new or modified settings and the modified initial vertical profiles, respectively, 
with respect to the original case described in Vilà-Guerau de Arellano, Wang, et al. (2020). All profiles above 
500 m and wind profiles are not shown since they are identical to Vilà-Guerau de Arellano, Wang, et al. (2020). 
The prescribed Plant Area Density profile is shown in Figure 1.
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Appendix B:  Description of the Multilayer Canopy Model
B1.  General Description

This appendix gives further details on the implementation of the multilayer canopy energy balance (eb) in DALES. 
The implemented code requires some information on the canopy structure and characteristics and, combined with 
radiation transfer computations, it provides the in-canopy updated radiation profiles and sources of turbulent heat 
flux (SH), latent heat flux (LE) and CO2 flux (FCO2) per canopy layer. In between steps are the radiative transfer 
calculations within the canopy, the leaf energy balance for sunlit and shaded leaves per vertical level where the 
A-gs model is used to obtain leaf stomatal conductance, and the upscaling of the heat, moisture and CO2 fluxes 
from leaf to gridbox level.

We based a significant part of our implementation in the work by Patton et al.  (2016), with some substantial 
differences, namely: a different canopy radiative transfer model, the use of A-gs for stomatal conductance calcu-
lation that adds a carbon dependency to plant photosynthesis activity, the incorporation of CO2 leaf exchange and, 
consequently, CO2 fluxes, and the calculation and use of a canopy effective albedo.

Figure A1.  Lower 500 m of the initial profiles prescribed for the REF experiment (full black line) and the experiment in Vilà-Guerau de Arellano, Wang, et al. (2020) 
(V2020, blue dashed line) and the inside and above tower observations corresponding to September 2014 (red dots).

Table A1 
New or Modified Variables in the Numerical Experiment REF With Respect to Those in Vilà-Guerau de Arellano, Wang, 
et al. (2020)

Parameter Explanation Value

Cd Canopy drag coefficient 0.15

lclump Effect of leaf clumping on radiation 1 (=no effect)

leaf_eps Leaf LW emissivity 0.95

llength Leaf/shoot length 0.1 m

lwidth Leaf width/shoot diameter 0.02 m

ncanopy Number of canopy layers 12

R10 Soil respiration at 10°C 0.044 mg CO2 m −2s−1

transpiretype Type of leaf transpiration (1 = hypostomatous, 2 = amphistomatous, 
1.25 = hypostomatous with some transpiration through cuticle)

1

σ Leaf scattering coefficient 0.45

surf_albedo Ground albedo 0.15
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B2.  SW Radiative Transfer and LW Into Leaves

The radiation profiles are first calculated by the chosen radiation scheme in DALES (see Table 1) down to the 
surface as if no canopy was present. In the first step of canopy-eb, the direct and diffuse SW radiation values at the 
canopy highest gridpoint are taken as input as well as the surface albedo. The in-canopy radiation scheme calcu-
lates absorbed PAR at each vertical level. Additional calculated variables are: PAR absorbed at each canopy layer 
by sunlit and shaded leaves separately, fraction of sunlit leaves at each canopy layer fSL, and effective canopy 
albedo. The direct PAR absorbed by sunny leaves is calculated here for three leaf angles, and is later averaged 
using Gaussian integration methods to account for a leaf spherical distribution (Goudriaan & van Laar, 1994). 
The reader is referred to Goudriaan and van Laar (1994) and Pedruzo-Bagazgoitia et al. (2017) for further details 
on the canopy radiation scheme.

Given that no detailed in-canopy radiation measurements were available during the GoAmazon2014/5 campaign, 
we compared the SW radiative transfer performed by DALES in our experiments REF and RAD (Table 1) against 
a set of observations gathered during October 2015. Figure B1 shows both the calculated in-canopy profiles and 
the values at the observed heights and orientation. The observations obtained are a useful resource to assess the 
realism of the radiative scheme even if the month and year differ between the observations and the numerical 
experiments. Figure B1 shows that the radiative scheme performs satisfactorily for calculating the downwards 
radiation profiles as well as the upwards SW above the canopy. Regarding the upwards radiation components, 
however, the coarse relationship relating PAR = 0.5 SW no longer holds (see differences between red dots and 
above-canopy blue dots) due to the varying transmissive and scattering properties of leaves across the shortwave 
range of the electromagnetic spectrum. Since only SW measurements were available during the period on which 

Figure B1.  (top) Vertical profiles of in-canopy downwards and (bottom) upwards slab-averaged PAR, calculated as 
PAR = 0.5 SW for REF (full line) and RAD (dashed-dotted line) experiments at three selected times: 9 (left), 11 (center) and 
13 (right) Local time. The red dots denote the PAR obtained from measuring SW and approximating PAR = 0.5 SW during 
selected days in September 2014, while the blue dots are actual PAR observations but obtained during a different period, that 
is, October 2015 (see Section 2.3). The letter inside each blue dot shows the orientation of each observation.
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our numerical experiments are based, the canopy properties were adjusted (Table A1) to better fit those values, 
and show larger discrepancies with the later measured in-canopy upwards PAR. This result also suggests the 
need to compute the radiative transfer for several spectral bands in further work to better mimic the interactions 
between light and leaves.

B3.  Leaf Energy Balance

The leaf energy balance is calculated independently for each vertical canopy level and for shaded and sunlit 
leaves. It assumes that leaves reach thermal equilibrium immediately. Therefore, we neglect canopy heat storage. 
The motivation to do this is the large uncertainty and inter-plant variability in the properties required for the 
calculation of heat storage such as biomass volume per gridbox or vegetation specific heat. A small variation in 
these values would lead to large changes in heat storage and, consequently exaggerated changes in air temper-
ature tendencies. The procedure to compute leaf temperature is based on an iterative algorithm starting with 
two leaf  temperature Tleaf guesses above and below the air temperature and using a bisection method where it is 
assumed that the function leading from Tleaf to the residual energy (Res = SWin + LWin − LWout(Tleaf) − SH(Tleaf) 
− LE(Tleaf)) is linear between the current two Tleaf guesses.

The stomatal CO2 conductance at leaf level gc is calculated following A-gs (Jacobs & de Bruin, 1997; Vilà-Guerau 
de Arellano et al., 2015) at each iteration. Afterward, the leaf-boundary layer conductance for heat gbl is calcu-
lated following Leuning et al. (1995) and Nikolov et al. (1995). Then, the SH and LE fluxes at leaf level are 
computed, considering also if the leaves are amphistomatous or hypostomatous. The formulas for the leaf-level 
fluxes read:

SH = 2𝑔𝑔𝑏𝑏𝑏𝑏 𝜌𝜌 𝜌𝜌𝜌𝜌 (𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎)� (B1)

LE = 𝜏𝜏 𝜏𝜏𝜏𝜏
𝑉𝑉 𝑉𝑉𝑉𝑉

1

1.075𝑔𝑔𝑏𝑏𝑏𝑏

+
1

1.6𝑔𝑔𝑐𝑐

� (B2)

where cp is the specific heat of air, Tair the air temperature, VPD is the vapor pressure deficit and τ = 1 for 
hypostomatous leaves and τ = 2 for amphistomatous. The 1.6 factor next to gc accounts for the ratio between the 
molecular viscosity of water to that of carbon dioxide.

LWout is calculated using Stefan-Boltzmann's equation with Tleaf and assuming a leaf emissivity of ϵ = 0.95. Once 
the iteration process converges, Tleaf, LWout, LE and SH, gbl are stored, and the CO2 flux is calculated following 
Goudriaan and van Laar (1994) by:

FCO2 = −𝜏𝜏
𝐶𝐶𝐶𝐶

𝑎𝑎𝑎𝑎𝑎𝑎

2
− 𝑐𝑐𝑐𝑐

1

𝑔𝑔𝑐𝑐

+ 1.4
1

1.075𝑔𝑔𝑏𝑏𝑏𝑏

� (B3)

Here ci is plant internal carbon concentration and is dependant on air temperature and CO2 concentration, VPD, 
and mesophyll conductance (Vilà-Guerau de Arellano et al., 2015). The lag on stomatal regulation and on ci is 
implemented and applied at leaf level. It is however not used for the present study.

B4.  Upscale From Leaf Flux to Gridbox Source

The fluxes calculated at leaf level are dependent on the canopy level and whether the leaves are sunlit or 
shaded. Therefore, a transformation is needed from leaf-level fluxes SH, LE and FCO2 into sources/sinks of θ, 
qt and CO2, respectively, at the gridbox scale. Taking the heat flux as example, this is done for vertical level 
k by:

𝑆𝑆𝑆𝑆𝑆𝑆 (𝑘𝑘) = 𝑃𝑃𝑃𝑃𝑃𝑃(𝑘𝑘)(𝑓𝑓𝑓𝑓𝑓𝑓(𝑘𝑘) 𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑘𝑘) + (1 − 𝑓𝑓𝑓𝑓𝑓𝑓(𝑘𝑘)) 𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑘𝑘))� (B4)

and similarly for LE and FCO2. SSH is the source/sink of sensible heat, SHsunleaf and SHshadeleaf the SH at leaf level 
for sunlit and shaded leaves, respectively, PAD 𝐴𝐴

[

m
2

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
∕m

3

𝑎𝑎𝑎𝑎𝑎𝑎

]

 the plant area density and fSL the fraction of sunlit 
leaves. This provides sources and sinks to be integrated in the model.
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Appendix C:  Moisture and Carbon Fluxes Inside the Canopy
Figure C1 shows the turbulent fluxes of both moisture and carbon inside following Figure 9. However, no verti-
cally detailed observations were available to compare against these simulated quantities.

Data Availability Statement
The exact code version of the DALES model used together with the input files needed for each of the experiments 
showed in this manuscript can be found in https://doi.org/10.5281/zenodo.6582455 (Pedruzo-Bagazgoitia, 2022a). 
The most recent published version of DALES is available here: https://doi.org/10.5281/zenodo.4604726 (Arabas 
et al., 2022). The scripts and observational data leading to the figures shown in the manuscript are available at 
https://doi.org/10.5281/zenodo.6582524 (Pedruzo-Bagazgoitia, 2022b).

Figure C1.  Slab 30-min averaged vertical profiles within and above the canopy of the turbulent moisture flux 𝐴𝐴 𝑤𝑤′𝑞𝑞′ (top) and 
carbon flux 𝐴𝐴 𝑤𝑤′𝑐𝑐′ (bottom) at 9:00 LT (left), 11:00 LT (center) and 13:00 LT (right) for REF (full line), COARSE (dashed) and 
BULK (dotted) experiments. Black and gray lines show the total (tot) and resolved (res) fluxes, respectively. The green horizontal 
lines indicate the observed lowest and highest tree tops in the canopy. Note that the vertical coordinate is z + d for BULK.
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