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1

Introduction
Atmospheric flow interacts with plant canopies. This thesis deals with the representation of
the exchange of energy, momentum and chemical reactants between the land, covered by high
vegetation, and the lowest part of the atmosphere, named as atmospheric boundary layer
(ABL), under daytime conditions. This chapter explains the relevance of studying the tall
plant canopy-atmosphere interaction within the Earth system, and introduces the roughness
sublayer (RSL), as the layer just above the canopy in which the atmospheric flow is directly
affected by the presence of roughness elements. The chapter ends by summarizing the main
methods, research questions and strategy used in this thesis.

1.1

Tall plant canopies in the Earth’s system

The Earth’s surface strongly influences and modulates the planetary boundary layer (PBL), a part
of the atmosphere most directly affected by solar heating of the Earth’s surface (Stull 1988). As
such, it plays a crucial role in connecting surface properties with atmospheric conditions. This
interaction is relevant in the vertical direction, governed by atmospheric turbulence (mixing), and
in horizontal directions, mainly controlled by the surface heterogeneity. The earth-surface heterogeneity, defined by the mosaic of oceans, land, mountains, vegetation, are of importance for
the large-scale variations in weather and climate (Betts et al. 1996; Pielke et al. 1998). Focusing on land, the variation of the surface types over the globe has an important impact on global
9
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(Claussen et al. 2004) and regional (e.g. Koster et al. 2004) climate. These surface properties
largely contribute to the exchange of heat, water, momentum and chemical compounds between
the land and atmosphere, strongly affecting the thermal, hydrological and aerodynamical characteristics of the PBL (Nicholson 1988) as well as its chemical composition (Karl and Trenberth
2003). For instance, during daytime water surfaces (e.g. oceans) are normally cooler than the land
due to the high specific heat and thermal conductivity of water and high expenditure of energy for
evaporation. For non-vegetated surface, the surface albedo, the fraction of solar energy reflected
from the Earth back into space, and the surface temperature are directly dependent on the soil
moisture content (Idso et al. 1975). In turn, vegetated surfaces influence the surface temperature
and albedo due to the altered solar radiation interception within the canopies, which influence
the reflection and emission of radiation (Dickinson 1983). These illustrations show that the land
surface characteristics, quantified through thermal effects, surface (soil) evaporation and plant
transpiration, play a crucial role in determining how solar energy is exchanged (transferred) back
to the atmosphere. The exchange of incoming (to the Earth surface) and outgoing (from the Earth
surface) radiation forms the radiative energy balance resulting in net radiation (Rn). In terms of
heat fluxes, this exchange is quantified by the surface energy balance (SEB) and is mainly composed by the following terms: surface temperature flux (sensible heat flux, SH), surface moisture
flux (latent heat flux, LE), the heat storage in the soil (ground heat flux, G) and the net radiation.
Ideally, the sum of the first three terms results in net radiation (Rn = SH + LE + G). In reality
however other terms, such as photosynthesis (an uptake of carbon dioxide, water and solar energy
by the vegetation in the process of production nutrients), advection (horizontal transport of air
quantities) or heat storage in plant biomass, can also be of specific relevance for the total SEB
(Oliphant et al. 2004).
The exchange of energy, momentum and matter between the vegetated surface and the atmosphere depends on the surface roughness, which is characterized by the height, shape and density
of the vegetation cover (Lettau 1969). The variation of these characteristics further influences the
surface temperature and albedo, which additionally affect the SEB (Wilson et al. 1987; Dickinson; Henderson-Sellers 1988).
During this thesis, we define high vegetation as a canopy with average height larger than few
meters. This mainly includes coniferous and deciduous forests, but also agricultural orchards and
even corn canopies. Figure 1.1 shows the relevance of tall plant canopies, as they cover approximately 10% of the Earth’s surface or around 31% of the total land. As such they influence climate
locally and on large scales (Bonan 2008). Energy, water, carbon dioxide, and other compounds,
including chemically reactive compounds, are continuously exchanged between the forests and
the atmosphere (Gao et al. 1989). These exchange processes modify the physical properties of the
PBL, as well as its composition, and occur at different scales locally, on the scale of an orchard
(e.g. ∼1 km2), regionally, on the scale of the Amazon rainforest, and globally, as large biomes
respond to environmental pressures associated with climate change.
10

1.1. TALL PLANT CANOPIES IN THE EARTH’S SYSTEM

Figure 1.1: Global map of canopy height at 1-km spatial resolution, using 2005 data from
the Geoscience Laser Altimeter System (GLAS) aboard ICESat (Ice, Cloud, and land Elevation
Satellite) (source: Simard et al. 2011).
Due to its significance and the need of its representation, scientific methods were developed
in order to investigate the interaction between high vegetation and the atmosphere and to quantify
its effects on weather and climate. The commonly used scientific methods often combine direct
measurements within and above canopies using eddy covariance (EC) flux towers (e.g. Baldocchi
et al. 2001) and mathematical models of the soil-vegetation-atmosphere exchange processes with
different complexity and spatial and temporal resolution (e.g. Bonan 2015). Recently, the use of
remote satellite sensors in combination with local flux observations and atmospheric models is
also an often used method.
EC is a technique to directly measure turbulent fluxes by correlating vertical wind velocity
fluctuations with the deviation of the gas concentrations, temperature, humidity, or even horizontal components of the wind velocity. This method requires state-of-the-art fast response
instruments with high precision, since the turbulent flow is characterize by a wide range of spatial and temporal scales that range from large-scale eddies (hundreds of meters and hour(s)) to
Kolmogorov scales (millimeters and seconds) (Kolmogorov 1941). Therefore, the EC methods
are the most explicit method to observe turbulent fluxes, and they are rapidly developing their
scope, standards and applicability (Foken 2008b; Moene and Van Dam 2014; Monson and Baldocchi 2014).
With respect to modelling technique, we need to distinguish two techniques: the simulating
techniques that treat turbulence explicitly (resolving) and the models that parameterize turbulence.
The state-of-the-art scientific tools to simulate the complex turbulent exchange processes within
the PBL is the Large Eddy Simulation (LES). LES is a numerical tool capable to simulate the
atmospheric turbulent flow by resolving all the larger scales of turbulent motions as they evolve in
11
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space and time and parameterizing only the smallest ones in three dimensional domain (Wyngaard
et al. 1984; Pope 2000; Wyngaard 2010). As computers are becoming stronger to perform longer
simulations and larger domains with high resolution in present days, the LES are more often used
to study the land-atmosphere (Patton et al. 2005) and canopy-atmosphere (Finnigan et al. 2009;
Patton et al. 2016) turbulent exchange on a process base. In turn, LES results are becoming a
key complement to direct EC measurements. The modelling techniques in which the turbulence
is parameterized are mainly based on the so called ’K-theory’, based on which the fluxes of
investigated quantities are related to the mean gradients of those quantities by turbulent exchange
coefficient K (see section 1.3.2 for more details).
In applying these methods, we are constantly improving our understanding on high vegetation, atmosphere, and climate interaction (Bonan 2008). For instance, climate impacts ecosystem (forests) functioning through global warming (Bonan 2008). On the other hand, forests
provide an important climate forcing by attenuating the global warming by carbon sequestration
and evapotranspiration (Bonan 2008). Furthermore, high vegetation is also the main source of
reactive carbon in the atmosphere in form of Volatile Organic Compounds (VOCs), responsible
for shaping the global tropospheric chemistry, altering the global carbon cycle, and regional photochemical oxidant formation (Fehsenfeld et al. 1992). Therefore, improving the knowledge on
tall canopy-atmosphere interaction can contribute in better understanding of the climate system.
Although our knowledge on the interaction between the high vegetation and the atmosphere is
improving, there is still a room for advancements. For example, large-scale atmospheric models
are often employed to extend our understanding on canopy-atmosphere interaction and to investigate the forest-climate feedbacks on different spatio-temporal scales (e.g. Bonan 2015). Within
these models the surface fluxes of energy, momentum, atmospheric constituents are parameterized, and often there are some discrepancies in their interpretation and application or comparison with observations. This becomes even more problematic when direct flux observations are
not available, due to highly expensive eddy covariance instrumentation. As a result, the surface
fluxes are usually inferred from mean profiles of the corresponding quantities based on the wellestablished flux-gradient relationships (or flux-profile relationships) (e.g. Kaimal and Finnigan
1994). Consequently, it is necessary to examine the representativeness and accuracy of surface
fluxes calculated from mean profiles using these expressions in a parameterized form. One of our
aims in this thesis is to improve the understanding of the high vegetation-atmosphere exchange
processes, their quantification, and test methods for their parameterization. The next section elaborates how tall canopies affect the atmospheric flow within and above canopies, and how high
vegetation influences the canopy-atmosphere exchange processes.

12

1.2. THE ROUGHNESS SUBLAYER WITHIN THE LAND-PBL SYSTEM

Figure 1.2: Diurnal structure of the planetary boundary layer over surface covered with low and
high vegetation. This thesis mainly focusses on studying the high vegetation-convective boundarylayer interaction (from sunrise to sunset).

1.2

The roughness sublayer within the land-PBL system

Depending on the diurnal condition, the PBL is characterized by distinct regimes with different mixing (turbulent) properties. Relevant for our study, under unstable conditions, the strong
exchange of heat and moisture between the surface and the atmosphere, driven by the buoyant
thermal plumes as a results of solar heating on the earth’s surface, leads to convective (thermal)
turbulence. The PBL under these conditions is called the convective boundary layer (CBL) (Stull
1988).
The CBL is characterized by a mixed layer (Fig. 1.2) above the surface, in which the thermodynamic boundary-layer state variables (Lilly 1968; Tennekes and Lumley 1972) and the atmospheric reactants (Ouwersloot et al. 2012) are well mixed. Above the CBL there is the residual
layer during the morning transition and the free troposphere (FT), a stably stratified layer (Fig.
1.2). Through the interface between the well-mixed layer and the free troposphere, the entrainment zone (EZ), both layers still exchange energy, momentum and atmospheric constituents (illustrated by the horizontal dashed red line in Fig. 1.3a). At the other relevant interface, and in
direct contact to the surface, the well-mixed atmospheric quantities adjust to the surface conditions in the lower atmosphere. This layer is characterized by a relatively constant turbulent flux
profile (e.g. Businger et al. 1971) in height and is called the atmospheric surface layer (ASL)

13
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(Fig. 1.2). Normally, the atmospheric SL extends to around 5-10% of the CBL depth (e.g. Stull
1988).
In the ASL, the turbulent structure is determined by three quantities: height, friction velocity and buoyancy flux (primarily the sensible heat flux). Based on the surface similarity theory
(Monin-Obukhov similrarity theory (MOST), Monin and Obukhov 1954; Foken 2006), from these
three quantities one dimensionless stability parameter can be derived:
ζ =

z
,
L

(1.1)

where z is the height above the surface and L is the Obukhov length (see Chapter 2), a scale
of the surface layer that indicates at which height the effect of buoyancy is bigger than to that of
shear (Zilitinkevich 1970). The atmospheric quantities related to the surface turbulence, and made
dimensionless with appropriate turbulent scales, are a function of only this atmospheric stability
parameter. Similarity theory states that the stability effects become negligible when the buoyancy
flux approaches zero (L → ±∞), but also when approaching the surface (z → 0).
Relevant to this study is that surface fluxes are related to the mean profiles of the corresponding quantities with ’universal’ functions that depend only on the dimensionless atmospheric
stability parameter. In differential form this reads:
kz dϕ(z)
= φϕ (ζ),
ϕ∗ dz

(1.2)

where ϕ represents the mean variable of interest (e.g. velocity, temperature, humidity, chemical
reactants), ϕ∗ is a characteristic scale of a variable defined as the vertical turbulent flux divided
by the friction velocity u∗ (with a minus sign), κ is the von-Kármán-constant (κ = 0.41, based on
empirical measurements) (Högström 1988); φ are ’universal’ functions in the surface layer, which
are dependent only on the atmospheric stability ζ (Högström 1988).
An example for a profile of the wind speed in the surface layer over relatively tall and
dense canopy is presented in Fig. 1.3b with the dashed black line. This profile follows a semilogarithmic law and depends mainly on the height and the atmospheric stability. It is important
to note here that the MOST is applied by assuming the surface as a geometrically rough wall, for
which the surface is displaced at certain height in the canopy (relative to the ground surface) at
which all momentum is expected to be absorbed by the roughness elements. Consequently, the
mean wind speed at that (and below) displacement height is expected to be zero (Fig. 1.3b). The
presence of high vegetation however influences the atmospheric flow at the lower part of the ASL
near the surface and therefore modifies the turbulent structure of the flow. This layer is named the
roughness sublayer (RSL) (Fig. 1.2). The flux-profile relationships that are normally assumed to
be valid in the surface layer are modified due to the altered turbulence structure (e.g., Thom et al.
1975; Chen and Schwerdtfeger 1989).

14
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Figure 1.3: An overview of some of the methods and the concepts used in this thesis combining
observational evidence and modelling; (a) data from the LIDAR backscatter signal operating at
Chanopy Horizontal Array Turbulence Study (CHATS) site on the 27th of May 2007 at 12:00 LT
(19:00 UTC); (b) profiles of observed and modelled wind velocity at CHATS for the same period
and time; the modelled profiles are based on standard similarity theory (Monin and Obukhov
1954) (dashed line) and its modification by Harman and Finnigan (2007); (c) the CHATS canopy
(site) and the 30 m tall vertical measurement tower.
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Based on observational evidence, the height of the RSL is usually 2-3 canopy heights (e.g.,
Thom et al. 1975; Raupach 1979; Garratt 1980; Högström 1988; Högström et al. 1989; Cellier
and Brunet 1992; Högström 1996; Simpson et al. 1998; Mölder et al. 1999; De Ridder 2010;
Shapkalijevski et al. 2016a).
To explain the altered mixing in and above the canopy, Raupach et al. (1996) postulated
that the canopy’s vertically distributed momentum sink induces an inflection point in the vertical
profile of mean velocity at the canopy’s vicinity. This is supported and corroborated by a number
of observed profiles of the mean wind velocity within and above the canopy (see for example
the blue circles in Fig. 1.3b). This differs from the prototypical surface layer wind profile in
which the velocity typically varies logarithmically (under neutral conditions) with height. Thus,
the flux-profile relationship in Eq. (1.2) requires a modification.
Finnigan et al. (2009) confirmed and extended the hypothesis developed by Raupach et al.
(1996) and showed that the inflection-point instability generates turbulent organized structures,
resulting in sweeps and ejection motions in and above the canopy, which are the drivers of the
mixing near the canopy top.
Both Raupach et al. (1996) and Finnigan et al. (2009) suggested that the extent of the vertical velocity shear at the canopy top, expressed as the vorticity thickness (δω = u/[du/dz]),
controls the depth over which the organized motions impact the flow. This vorticity thickness
defines a proper scale for the depth of the RSL height. Harman and Finnigan (2007) developed
parameterizations for the exchange processes within the roughness sublayer taking into account
the effects of the tall canopy in the MOST flux-profile relationships via the roughness sublayer
function φ̂ (ζ, δω ):
kz dϕ(z)
= φϕ (ζ) φ̂ (ζ, δω ).
(1.3)
ϕ∗ dz
This resulted in improved representations of the profiles of the wind velocity within and above
the tall canopy (Harman and Finnigan 2007) (also shown by the solid line in Fig. 3b). Later this
theory has been extended to scalar transport within and above tall canopies (Harman and Finnigan
2008). Omitting these roughness sublayer effects on the flux, parameterization from observed
mean profiles just above the canopy results in significant underestimation of the inferred vertical
turbulent fluxes (e.g. Mölder et al. 1999; De Ridder 2010). Moreover, in order to study the high
vegetation-atmosphere exchange processes on larger spatio-temporal scales, seminal studies have
introduced the roughness sublayer effects in flux-gradient relationships of the thermodynamic
variables in the surface schemes of numerical atmospheric models (Physick and Garratt 1995;
Harman 2012).
This thesis extends the knowledge obtained in the previously mentioned studies. We therefore
contribute to improve our understanding and representation of the roughness sublayer-planetary
boundary-layer system. Our focus will not be on thermodynamic properties only, but we will
also study exchange of chemical species. The next section gives a general overview on the main
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methods and concepts used in this thesis.

1.3

Observed and modelled turbulent fluxes in and above canopies

1.3.1

Measuring turbulent fluxes: CHATS a comprehensive experiment

In this thesis, we have extensively used the comprehensive dataset from the Canopy Horizontal
Array Turbulence Study (CHATS) campaign (Patton et al. 2011). CHATS is an unique experiment
aiming to contribute in the understanding of the high vegetation (orchard)-atmosphere exchange
processes by connecting high quality multi-level horizontal and vertical observations with model
development and testing (Patton et al. 2011).
There are several reasons why we chose the CHATS dataset as one of the main methods within
this study. Combined high-quality measurements of the thermo(dynamics) and chemistry is the
first reason. This gives us opportunity to study the thermo(dynamics) and the chemistry of the
CBL in an integrated manner (e.g. Ouwersloot et al. 2012; van Stratum et al. 2012). Another
reason to use the dataset from this experiment is related to the canopy homogeneity in combination with the observed, relatively constant- wind direction, which allows a well-developed
roughness sublayer above the canopy. This is convenient for studying canopy-atmosphere interaction in an ’idealized’ way, since an irregular shape and distribution of the canopy would bring
additional uncertainty in the turbulence structure within and above the canopy (Raupach et al.
1996; Finnigan et al. 2009). In addition, the availability of observations collected on seasonal
bases (before and after leafout) is a motivation to investigate the role of canopy phenology on
turbulence parameterization within the roughness sublayer (Dupont and Patton 2012a; 2012b).
The CHATS experiment took place in walnut orchard fields in the Sacramento valley near
Dixon, California (The USA) from 15 March until 12 June 2007. The orchards location was
chosen to meet the previously set criteria of a homogeneously-distributed and relatively tall canopy, as well as consistent wind direction and velocity (Patton et al. 2011). The matured orchards
trees (25 years old) were regularly distributed with similar distance between them of around 7 m
(measured as distance between stems) and average height of 10 m (Fig. 1.2c), which makes this
canopy relatively sparse.
During the CHATS campaign, observations were collected from several instrumentation arrangements. A single 30th-meters tall tower (see Fig. 1.2c) was used to measure mechanical and
thermodynamic turbulent fluxes within and above canopy using the EC technique. Furthermore,
the setup provided profiles of mean wind speed, temperature, water vapour, CO2 concentrations,
and concentrations of reactants such as: ozone, NO, NO x , and several VOCs from a biological
origin (Acetone, Benzene, Toluene, Monoterpenes and Methyl Salicylate (MeSA)) (Karl et al.
2008) were also measured at the several heights below and above the canopy top (Patton et al.
2011). To complete these measurements, the remaining components of the radiation balance, incoming and outgoing shortwave and longwave radiation (see Chapter 3 for more details), were
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also measured at the tower.
Measurements of the soil properties (e.g. moisture, heat flux, diffusivity, conductivity and
heat capacity) were collected at 0.05 m below the ground. Relevant for our study, and used to
connect surface-canopy exchange with the development of the boundary layer, were the observations from the high-resolution aerosol backscatter lidar remote sensor (Raman-shifted Eye-safe
Aerosol Lidar, REAL), since we are interested in integrating canopy scale with boundary-layer
scale turbulence parameterization. The REAL was measuring the aerosol content (dispersion)
on canopy scale, orchard scale and larger scales (up to 5x5x5 km3, in vertical, longitudinal and
latitudinal directions). Based on these observations, we were able to retrieve useful information
on the dynamics of the atmospheric boundary-layer depth (see Appendix 3C). A full description
of the CHATS experiment, its motivation, site, observations and instrumentation can be found
in Patton et al. (2011). More detailed information about the CHATS data used in this thesis is
presented in Chapters 2-4.
The main limitations in our study, connected with the use of this dataset, are not having
information on the boundary-layer state at the entrainment zone and limited observations on the
chemistry. The CHATS boundary-layer structure and dynamics are affected by the atmospheric
flows driven by regional topography and/or the atmospheric fronts from the see area, which often
enter the California Central valley (Bianco et al. 2011; Mayor 2011). A discussion about these
complications and their effects on the results in this study is presented in Chapters 3, 4 and 5.
A discussion about the sparsity of the orchard canopy and its impact on the turbulent exchange
processes within the RSL is presented in Chapter 2 and 5.
1.3.2

Parameterizing turbulent fluxes

A suite of numerical techniques exists to predict flow fields and vertical turbulent fluxes within
and above forest canopies. One must balance the computational costs of the predicted solutions
with its correctness in representing the turbulent processes under investigation.
If turbulent motions are not resolved, the turbulent fluxes in the governing equations of the
state variables and atmospheric compounds within and above the canopy need to be parameterized
using turbulence closure. Several mathematical techniques exist to parameterize these fluxes
(Wilcox 1998; Wyngaard 2010). The turbulence parameterizations can be categorized in two
main groups depending on the nature of the turbulence: non-diffusive (or non-local) and diffusive
(or local) closure methods (Stull 1988).
When non-local closure is applied, the unknown fluxes of a certain quantity are parameterized
by gradients and other known quantities at many points in space (and thus non-local), analogous
to dispersion (Lagrangian dispersion theory) or advection (Transilient turbulence theory) processes (Stull 1988). According to these theories, the turbulent fluxes of scalars are calculated
from their source and sink vertical distributions, as integrated over height. The source and sink
vertical distributions are predicted from the observed concentration and turbulent fields, charac18
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terized by concentration profiles and vertical velocity variation that changes in time (for more
details see Stull 1988). This type of turbulence closure parameterization is usually convenient
when calculating fluxes within high vegetation, where often the turbulent transport is affected by
non-diffusive (non-local) turbulence causing counter-gradient transport (Denmead and Bradley
1985; 1987). One of the most commonly used methods to parameterize fluxes within canopies,
considering the non-local turbulence effects, was developed by Raupach (1989a, 1989b). By using
the Lagrangian fluid mechanics theory, Raupach (1989a, 1989b) developed the so called Inverse
Near-Field method to calculate the turbulent fluxes within a tall canopy from known velocity and
concentration fields. This method is presented in more detail in Chapter 4.
When local-closure methods are applied, the unknown turbulent fluxes are parameterized by
gradients and other known quantities at the same point (locally), analogous to molecular diffusion. Based on these methods, vertical turbulent fluxes of the atmospheric state variables and
constituents within the RSL and ASL are related to the mean gradients of those quantities and
a turbulent transfer coefficient that accounts for the intensity of mixing. More complex closure
approaches (second- or higher-order closure) are computationally costly and therefore have relatively limited applicability (e.g. Wilson and Shaw 1977; Meyers and Paw 1986; Wilson 1988).
The turbulence closures based on turbulent kinetic energy, its dissipation, and a turbulent length
scale (one-and a half-order closure) have been shown to have satisfactorily accuracy and relatively large applicability (e.g. Sogachev et al. 2002; Katul et al. 2004; Sogachev et al. 2012).
However, the most commonly used turbulence closures in the large-scale atmospheric models
(e.g. Weather Research & Forecasting model (WRF), Integrated Forecasting System (IFS)) are
the turbulence closures of the first-order type. Based on first-order closure methods, the turbulent
transfer coefficient is characterized by a turbulent (mixing) length scale, velocity scale (friction),
and a functions accounting for the atmospheric diabatic stability (Monin and Obukhov 1954) and
canopy effects (Sect. 1.2) (Physick and Garratt 1995; Harman and Finnigan 2007; 2008).
Although the effects we are interested in act on small scales and require turbulence-resolving
models to be investigated, they can also affect the larger-scale state of the atmosphere and therefore need to be parameterized in larger-scale models. Therefore, this thesis focusses on studying
and evaluating the parameterization of these small-scale turbulent processes as used within the
large-scale models (up to one-and-a-half-order turbulence closure complexity). By integrating
the knowledge from the previous studies on flux parameterization in the roughness sublayer (e.g.
Harman and Finnigan 2007; 2008) and flux tower observations, we study in detail how the turbulence parameterization should be modified due to the presence of a tall canopy, and how this
impacts the CBL dynamics and chemistry. Moreover, to account for the non-diffusive character of the turbulence and its effect of the vertical fluxes within the canopy, we use the non-local
closure method based on the Lagrangian dispersion theory (Raupach 1989a; 1989b), which will
be further outlined in Chapter 4. The next section (Sect. 1.4) gives an overview of the research
questions of this thesis and the strategy how to answer these questions.
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1.4

Research questions, strategy and outline

Based on the above-elaborated motivation to study the tall canopy-CBL interaction, within this
thesis we have formulated three general research questions. These questions are investigated in
Chapter 2 to 4 adopting different suitable research strategies:
• Question 1: What are the effects of canopy phenology and atmospheric stability on turbulent exchange of energy and momentum within the roughness sublayer?
In Chapter 2, we investigate whether and how the canopy phenological changes and the atmospheric stratification affect the turbulence parameterization closures. We study representative
turbulence formulations of the turbulent exchange coefficients, as implemented in a number of
atmospheric models. We focus on the exchange of momentum, heat and moisture, as well as on
turbulent kinetic energy within the roughness sublayer. By applying an additional function in the
MOST formulations for the turbulent exchange coefficient to account for the canopy effects on
the atmospheric flow within the RSL (Harman and Finnigan 2007; 2008), we valuate these new
formulations under leaf and non-leaf conditions and different atmospheric stability classes. We
validate all turbulence formulations under the analysis by using the observations from the CHATS
experiment at three heights above the canopy.
• Question 2: What is the impact of the roughness sublayer in representing the dynamics of
the convective boundary layer?
Based on the CHATS observations, we select representative days to study the impact of the
roughness sublayer in modeling the dynamics of the convective boundary layer. To this purpose, we modify the surface scheme of an atmosphere mixed-layer model (van Heerwaarden et
al. 2009) by integrating a roughness-sublayer representation following the recommendations by
Harman (2012) to account for the tall-canopy effects in the parameterization formulations of the
turbulent surface fluxes. We use the mixed-layer model because of its simplicity (Lilly 1968; Tennekes and Driedonks 1981) and optimal robustness (Vilà-Guerau de Arellano et al. 2015), which
allows us to perform a large number of systematic case studies and thorough sensitivity analysis on the integrated roughness sublayer-CBL system with low computational costs. Moreover,
the mixed-layer model has been shown to be a powerful tool when studying land-atmosphere
(thermos-)dynamics interaction (e.g. van Heerwaarden et al. 2009), as well as effects between
boundary-layer dynamics and chemistry (Vilà-Guerau de Arellano et al. 2009; Ouwersloot et al.
2012; van Stratum et al. 2012; Janssen et al. 2013). In view of the complexity of the flow, influenced not only by canopy effects but also by valley-mountain and see-breeze flows, we design
a systematic approach to determine the different contributions of those effects to the budgets of
potential temperature, specific humidity and wind speed.
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• Question 3: What is the contribution of physical and chemical processes to the ozone
budget above the CHATS canopy, specifically focusing on ozone surface deposition?
The knowledge on the CBL dynamics over the CHATS site obtained in Chapter 3 is used
in Chapter 4 to study the mixed-layer ozone budget for the CHATS site. The same case study
and model set up is used to investigate and quantify the role of different contributors to the total
budget of ozone. Special attention is placed on the role of the ozone deposition onto the canopy
and its effect on the ozone budget. Since no direct fluxes of ozone were observed during CHATS,
and these are needed as lower boundary conditions in the model, it is necessary to calculate the
deposition velocity of ozone to parameterize its fluxes. Therefore, crucial attention is given to
the calculation of the ozone fluxes and deposition velocities from the available observed ozone
concentration profiles during CHATS.
A general discussion about the assumptions, limitations and the results presented in this research is given in Chapter 5, accompanied with perspective and recommendations. Finally, in
Chapter 6 the main results of this thesis are summarized.
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2

Influence of canopy seasonal changes on
turbulence parameterization within the
roughness sublayer over an orchard canopy
In this observational study, the role of tree phenology on the atmospheric turbulence parameterization over 10 m tall and relatively sparse deciduous vegetation is quantified. Observations
from the Canopy Horizontal Array Turbulence Study (CHATS) field experiment are analysed to
establish the dependence of the turbulent exchange of momentum, heat and moisture, as well as
kinetic energy on canopy phenological evolution through widely used parameterization models
based on: a) dimensionless gradients, or b) turbulent kinetic energy (TKE) in the roughness
sublayer. Observed vertical turbulent fluxes and gradients of mean wind, temperature and
humidity, as well as velocity variances, are used in combination with empirical dimensionless
functions to calculate the turbulent exchange coefficient. The analysis shows that changes in
canopy phenology influence the turbulent exchange of all quantities analysed in this study.
The turbulent exchange coefficients of those quantities are twice as large near the canopy top
for leafless canopy then for full-leaf canopy under unstable and near-neutral conditions. This
turbulent exchange coefficient difference is related to different penetration depth of the turbulent eddies organized at the canopy top, which increases for a canopy without leaves. The
This chapter is published as Shapkalijevski et al. (2016)
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TKE and dissipation analysis under near-neutral atmospheric conditions additionally shows
that TKE exchange increases for a leafless canopy due to reduced TKE dissipation efficiency
compared to that when the canopy is in full-leaf. The study closes with discussion surrounding
the implications of these findings for parameterizations used in large-scale models.

2.1

Introduction

Turbulence above tall vegetation depends strongly on tree phenology, and more specifically on
the presence of leaves and branches that influence the atmospheric flow in and above the canopy (Dupont and Patton 2012a; 2012b). Since turbulence performs the majority of the vertical
exchange of momentum, mass, energy, and trace gases (Gao et al. 1989), the dependence of turbulence parameterization on canopy seasonal changes should be included in weather and climate
models (Fitzjarrald et al. 2001). To capture the vertical exchange of momentum, energy and trace
gases, it is crucial to determine how the flux-gradient relationships and turbulent kinetic energy
are influenced by leaf state and atmospheric stability (Thom et al. 1975; Raupach 1979; Denmead
and Bradley 1985; Högström et al. 1989).
Regarding the flux-gradient relationships, it has been recognized that the standard MoninObukhov Similarity Theory formulations (MOST, Monin and Obukhov 1954) are only valid at
heights well above a rough vegetated surface (Högström 1996). The atmospheric layer in which
the flux-gradient relationships are directly impacted by the canopy is called the roughness sublayer (RSL). It is in this layer that numerous studies over evergreen forests confirm that the heat
exchange is more efficient than in the inertial surface layer above (Thom et al. 1975; Raupach
1979; Denmead and Bradley 1985; Högström et al. 1989). However, those studies failed to converge on a single relationship to describe momentum exchange above tall canopies, suggesting
that additional physical processes must affect the exchange. The pioneering study by Thom et
al. (1975) and later investigations by Raupach (1979) and Denmead and Bradley (1985) indicated that dimensionless gradients for momentum over tall canopies are nearly identical to those
over low vegetation. Contrary to this, independent studies over a savannah (Garratt 1980), in a
wind-tunnel (Raupach et al. 1986), and over a pine forest (Högström et al. 1989), indicate that
the turbulent momentum exchange is more efficient over rough surface, implying a reduction in
momentum dimensionless gradients close to the canopy top (Högström et al. 1989).
To explain the increased mixing efficiency in the canopy’s vicinity, Raupach et al. (1996)
put forward what has become known as the mixing-layer analogy, where they postulated that the
canopy’s vertically distributed momentum sink induces an inflection point in the vertical profile
of mean streamwise velocity (u) – a feature that is unique compared to traditional surface layer
flow in which the streamwise velocity typically varies logarithmically with height. Finnigan et al.
(2009) used large-eddy simulation (LES) to extend Raupach et al. (1996) mixing-layer analogy by
showing that the inflection-point instability generates turbulent organized structures, combination
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of head-up and head-down hairpin shaped rolls, that are responsible for the enhanced mixing near
canopy top. In combination, Raupach et al. (1996) and Finnigan et al. (2009) theory suggests
that the extent of the vertical streamwise-velocity shear at canopy top, expressed as the vorticity
thickness, δω = u/[du/dz], controls the depth over which the organized motions impact the flow
and, subsequently, the depth of the RSL. In developing their RSL parameterization, Harman and
Finnigan (2007) were able to improve predicted flux-gradient relationships over a range of canopy
types compared to traditional MOST.
Over the years, relatively few studies have focused on the modification of turbulence resulting
from the seasonal variation of deciduous forests. Bohrer et al. (2009) and Maurer et al. (2013;
2015), using observations and large eddy simulations, showed that accounting for the seasonal
and interannual variation of roughness length and displacement height, both functions of the canopy structure, yield more precise and less biased estimates for friction velocity than models with
temporally invariable parameters. Both, Bohrer et al. (2009) and Maurer et al. (2013; 2015) noted
the need for further investigation of ’canopy structure–roughness dependence’ and its effect on
the flux-gradient relationships. The Dupont and Patton (2012a; 2012b) study used the Canopy
Horizontal Array Turbulence Study (CHATS) dataset to stress the importance of canopy leaf state
on the transport of momentum, heat and moisture within and above a deciduous walnut orchard.
Concentrating on turbulent coherent structures at the canopy-atmosphere interface, Dupont and
Patton (2012a; 2012b) analysis suggested that "the canopy’s seasonal state plays a vital role in
determining the turbulent transport processes coupling the canopy layers with the overlying atmosphere" (Dupont and Patton 2012a). Here we extend on their analysis by investigating the impact
of seasonal variation of a deciduous canopy on turbulence quantified through the flux-gradient
relationships and the TKE. More specifically, we systematically investigate phenology’s effect
on the turbulent exchange coefficient, K, within the RSL. Subsequently, we investigate whether
commonly used K-parameterizations can mimic the observed behavior of K. K-parameterizations
usually hinge on dimensionless gradients of momentum, heat and moisture (1st - order closure),
or on TKE (e), and its dissipation (ε) (1.5-order closure). 1st - order closure models are commonly used in large-scale atmospheric models (e.g. WRF, ECMWF-IFS), while the 1.5-order
closure models have become useful tool to model turbulent flow over tall canopies for a variety of
special and temporal scales (e.g. Sogachev et al. 2002; Katul et al. 2004; Sogachev et al. 2012).
Our investigation aims to answer three research questions:
1. What is the effect of canopy phenology on the exchange of momentum, heat and moisture
within the RSL over deciduous vegetation?
2. How well do K- parameterizations based on different physically-based turbulence closure
assumptions represent the observed behaviour of K and its dependence (if any) on the
Note that WRF also uses one-and-a-half closure formulation in addition to 1st - order closure (Skamarock et al.
2005.)
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evolution of canopy phenology and atmospheric stability?
3. How sensitive are the dimensionless gradients and K- values to displacement height variations resulting from canopy phenology and atmospheric stability?
Our methodology combines a comprehensive observational data set and conceptual modelling. We analyze the observations obtained on a 30 m tower during the CHATS experiment
(Patton et al. 2011), which took place in Spring 2007 in and above a 10 m tall deciduous walnut
orchard in Dixon, California, USA, before and after leaf-out. Analyzing the dependence of the
turbulence parameterization on canopy phenological changes above a canopy over a season is a
key novelty of this study.
Interpretation and discussion of the CHATS observations is supported by using: (i) empirically MOST-based dimensionless flux-gradient functions from literature (Dyer 1974; Högström
1988) and (ii) RSL-adapted dimensionless gradients for momentum (Harman and Finnigan 2007;
hereafter HF07) and scalars (Harman and Finnigan 2008; hereafter HF08).

2.2

Theory

Gradient transport theory (K-theory) relates the vertical turbulent fluxes of vector and scalar
quantities in the atmospheric surface layer to the corresponding mean gradients through the turbulent exchange coefficients K (Stull 1988):
w0 ψ0 = −Kψ

∂ψ
,
∂z

(2.1)

where w0 ψ0 refers to momentum (w0 u0 ), heat (w0 θ0 ) or moisture (w0 q0 ) fluxes, the mean ψ represents the mean wind speed (u), potential temperature (θ), or specific humidity (u) profiles and
quantities with a ’ represent deviations from that mean; z is the height from the ground. The K
defined in Eq. 2.1 is usually parameterized using dimensionless gradients (Φ) or from e and ε.
Below we give a brief theoretical overview of both approaches.
2.2.1

Parameterization of K based on dimensionless gradients

In a coordinate system with z = 0 at the ground surface the turbulent exchange of momentum
(ψ = u), heat (ψ = θ) or moisture (ψ = q) is parameterized as:
Kψ =
and
Φψ =
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κ (z − dψ ) u∗
,
Φψ

(2.2)

κ (z − dψ ) ∂ψ
( ),
ψ∗
∂z

(2.3)
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where u∗ is the friction velocity, dψ is the displacement height, which represents the mean source
and sink height of ψ ( is treated more fully in Sect. 2.1.2); and κ is the von-Kármán-constant
of 0.41. Here ψ∗ represents the vector and scalar scales defined by − w0 ψ0 /u∗ . In MOST, the
dimensionless gradients Φψ (for momentum Φm , heat Φh or moisture Φq ) are only a function of
atmospheric stability, represented by the stability parameter ζ, which is defined as:
g κ (z − dψ ) w0 θv0
(z − dψ )
=
,
3
L
T v u∗

ζψ =

(2.4)

where T v is a mean (reference) virtual temperature at the canopy top, g acceleration due to gravity,
w0 θv0 represents the vertical buoyancy flux and L is the Obukhov length. Note that for some parts
of the analysis we define ζc at the canopy top (ζc = hc /L), where hc is the average height of the
trees observed in CHATS (hc = 10 m) and L is evaluated at canopy top.
We support our observational analysis on dimensionless gradients with empirically derived
universal functions based on MOST (Dyer 1974; Högström 1988). The universal ’MOST’ functions for momentum (Φm = φmMOS T ) and heat and moisture (Φh,q = φh,qMOS T ) are as follows:
φmMOS T

φh,qMOS T



−1/4


,
(1 − 15.2 ζ)
= 


1 + 4.8 ζ,

ζ<0
ζ≥0



−1/2


,
0.95(1 − 15.2 ζ)
= 


0.95 + 4.8 ζ,

ζ<0
ζ ≥ 0.

(2.5)

(2.6)

Modification within the RSL
To account for the enhanced vertical mixing in the vicinity of a tall canopy HF07 and HF08 proposed a modification to standard MOST dimensionless gradients with the following multiplicative
form:
Φψ = φψMOS T φ̂ψ .
(2.7)
In Eq. (2.7), φ̂ψ represents the effects of the canopy within the RSL. HF07 and HF08, derived
expressions to quantify these effects, which read:

where

 β c2ψ (z − dHF ) 
φ̂ψ = 1 − c1ψ exp −
,
l

(2.8)


 c2ψ 
κSc
c1ψ = 1 −
exp
.
2β
2

(2.9)
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In Eq. 2.9, c1ψ represents a scaled amplitude of the RSL function, while c2ψ is a scaled depth over
which the RSL function operates. An elaborate expression for c2ψ is described by Eq. (2.7) in
Harman (2012), but for simplicity, we adopt HF07’s 0.5 value. The displacement height in Eq.
2.8 is represented as follows:
dHF = hc − dt ,
(2.10)
where dt = β2 Lc , Lc is canopy adjustment length scale (penetration depth), defined as:

−1
L c = cd a ,

(2.11)

where cd is a drag coefficient whose value is assumed to be 0.25 (HF07) and a is the canopy’s
leaf area density which is assumed as constant with height ( LAI/hc , HF07) to mimic application
in a large-scale model. The Schmidt number, S c , is stability dependent (Harman 2012): S c =
0.5−tanh Lc /L, while the mixing length, l, is parameterized as l = 2β3 Lc (see HF07; Weligepolage
et al. 2012). Finally, β is a stability dependent variable that represents the ratio between the
friction velocity and the mean wind speed at canopy top (β = u∗ /u). Based on our analysis,
we find that under weakly unstable, near-neutral and weakly stable atmospheric conditions β
has constant value of 0.3, consistent with HF07. Under strong unstable conditions this variable
increases up to 0.45 on average, while under strong stable conditions it decreases to nearly 0.2.
Similar patterns of β were observed in the data presented in the Harman’s (2012) study. Since
the majority of our data (around 80 %) belong to the stability classes where β is independent of
stability conditions, we adopt the value of β = 0.3 in this study. Finally, the canopy adjustment
length scale (Eq. 2.11) is defined as a measure of the distance over which a boundary layer with
no prior knowledge of a tall canopy would need to equilibrate (adjust) to the presence of a canopy
(Belcher et al. 2003; Harman and Finnigan 2007). Lc (Eq. 2.11) is calculated from the CHATS
dataset and compared to the parameterization (Lc = 4hc /LAI) of Harman and Finnigan (2007).
The parameterization showed a satisfactory agreement with the observed Lc under unstable and
near neutral conditions. It is to be noted that the parameterization is questionable under strongly
unstable and strongly stable conditions (Harman 2012), where the scatter in the observations is
larger.
Displacement height
As mentioned, the displacement height (in Eqs. 2.2 - 2.3) can be interpreted as the mean source
or sink height within the canopy. Based on the source distribution, dψ can be defined through the
following expression (Thom 1971; Jackson 1981):
R hc

z S ψ dz
dψ = R0 h
,
c
S ψ dz
0
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where the vertical source/sink distribution of the quantities within the canopy, S ψ , is calculated
as S ψ = ∂w0 ψ0 /∂z. In our analysis we a priori adopt the assumption made in Raupach (1979)
that the displacement height for heat and moisture equal the displacement height for momentum
(dm = dh = dq ). The reason for this assumption is further discussed in Sect. 2.5.2. Consequently,
throughout this study we use the displacement height for momentum, dm , as a unique variable, but
we retain the dependence of dm on canopy phenology and atmospheric stability. The displacement
height is used to calculate the turbulent length scale, κ(z−dm ), and consequently the dimensionless
gradients for momentum, heat and moisture (Eqs. 2.2 - 2.3). For completeness, we additionally
compare predictions using a displacement height estimate that neglects any influence of canopy
phenology or diabatic stability and is a specified fraction of canopy height (Thom 1971):
d f ix = 0.76 hc .

(2.13)

More information about the definition of the displacement height and its dependence on the canopy height, plant cover and wind velocity can be found in Foken (2008b).
2.2.2

Parameterization of K based on TKE and its dissipation

Additionally, we analyze two commonly used turbulent closure formulations for K (Sogachev et
al. 2002; Katul et al. 2004; Sogachev et al. 2012) that are: (i) related to e and the turbulent mixing
length scale Λ:
K (i) = cµ Λ e1/2 ,
(2.14)
or (ii) to e and ε:
e2
.
(2.15)
ε
For the turbulent mixing length above the canopy we adopt the formulation used by Katul et al.
(2004), which is similar to the one used in the dimensionless gradient analysis in this study in
Sect. 2.2.1: Λ = κ (z − dm ). We also adopt a value of 0.03 for the coefficient cµ following Katul et
al. (2004), since it has been tested for a variety of canopy types.
K (ii) = cµ

2.3

Observations

2.3.1

CHATS experiment: Site and instrumentation

The CHATS experiment took place in one of Cilker Orchards’s walnut blocks in Dixon, California, USA. The site and instrumentation are described in detail in Patton et al. (2011) and Dupont
and Patton (2012b) and summarized here. The observations were carried out in the spring of
2007. There were two intensive measurement periods defined by the canopy leaf state: one from
13 March to 15 April concentrating on the influence of the walnut trees before leaf-out (no leaf),
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and another from 13 May to 12 June focusing on the walnut trees after leaf-out (full leaf).
The measurements analysed in this study were obtained along a 30 m tower, which was located near the northern-most border of the section to ensure a fetch of about 1.5 km when focusing
on southerly winds (see Fig. 1a and Fig. 3 in Dupont and Patton 2012b). Turbulent velocity
components and air temperature fluctuations were measured at thirteen levels within and above
the canopy using Campbell Scientific CSAT3 sonic anemometers sampling at 60 Hz. The horizontal distribution of the vegetation was nearly homogeneous, where the average height of the
trees (hc ) was estimated to be 10 m. Since our study focuses on turbulence above the canopy, we
only analyse data from the seven above-canopy levels which were located at, 1.0hc , 1.1hc , 1.25hc ,
1.4hc , 1.8hc , 2.3hc and 2.9hc (see Fig. 7a in Dupont and Patton 2012b). Six NCAR-Vaisala hygrothermometers (TRH) measured profiles of temperature and relative humidity at 2 Hz at the
same levels (with the exception of the level at 1.25hc ). Three Campbell Scientific KH20 krypton
hygrometers sampled water vapour density fluctuations at 60 Hz at 1.0hc , 1.4hc and 2.3hc . Finally,
the vertical leaf area index (LAI) profile was measured using a Li-Cor LAI-2000. Varying with
the phenology, the cumulative LAI increased from 0.7 (before leaf-out) to 2.5 (after leaf-out).
2.3.2

Data processing

The data from the sonic anemometers and hygrometers have been processed as follows. The
sonic data, as available from the CHATS dataset, has been rotated using the planar fit method
(Wilczak et al. 2001) based on 5-min average velocities. This rotation was applied for each
period in which the mounting of the instrument under consideration remained unchanged. The
rotation angles were based on nighttime data only, because these contain less noise than daytime
data. Since wind at the sonic anemometer can be distorted by the nearby observational tower, data
was excluded if wind originated from within 45 degrees of the tower. Before processing the raw
turbulence data, short gaps (i.e. less than 4 seconds) in the raw data of the sonic anemometers and
hygrometers were filled by linear interpolation. Next, the data from the slow TRH sensors was
used to correct the mean level of the sonic temperature and the water vapour density obtained from
the Krypton hygrometers. The actual temperature and specific humidity were derived from the
sonic temperature and water vapour density at levels where both a sonic and a Krypton hygrometer
were available. Since the specific humidity is used in our analysis (rather than water vapour
pressure), a density correction (WPL, after the authors Webb, Pearman and Leuning (see Webb et
al. 1980)) correction is not applied since its effect would be negligible (Lee and Massman 2011).
Finally, incomplete vertical profiles of means, variances and covariances were filled by vertical
interpolation, where the maximum size of a vertical gap was one instrument for a Krypton and
two instruments for a sonic or a TRH sensor.
We analyze the behavior of the dimensionless gradients and TKE under a range of atmospheric
stabilities. Following Dupont and Patton (2012b), we define the atmospheric stability classes
based upon stability parameter, ζm (Table 2.1). We use an averaging time of 30 min. for all
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Stability
Class and symbol
Free convection (FrC)
Force convection (FoC)
Near neutral (NN)
Transition to stable (TS)
Strongly stable (S)
Total amount of data used
Total amount of data excluded

No leaf/full leaf (total 30 m of data = 718/765)(momentum)[heat]moisture
Range
n at 2.3hc
n at 1.4hc
n at 1.1hc
−∞ < ζm < −0.2
(48/58)[48/58]10/52
(34/42)[32/43]12/41
(20/24)[19/25]15/9
−0.2 < ζm < −0.01 (117/127)[117/107]42/130
(132/159)[131/153]61/150
(134/157)[129/157]75/85
−0.01 < ζm < 0.02
(37/61)[64/133]30/123
(221/286)[169/272]93/230
(293/362)[255/391]47/77
0.02 < ζm < 0.6
(2/4)[19/18]33/17
(3/2)[22/15]19/15
(1/5)[34/10]2/14
0.6 < ζm < ∞
(0/2)[3/1]12/4
(0/1)[0/1]0/7
(0/0)[0/0]0/0
(204/252)[151/315]127/326 (390/490)[354/486]185/443 (448/548)[437/583]139/185
(514/513)[567/450]591/439 (328/275)[364/279]533/322 (270/217)[281/182]579/580

Table 2.1: Summary of the data treatment in the flux-gradient analysis (the data of momentum, heat and moisture is presented in
different brackets: ’( )’, ’[ ]’ and ’’, respectively) for both canopy leaf states (no leaf/ full leaf) at 2.3hc , 1.4hc and 1.1hc , levels: the
stability classes and its ranges, the total number of half hour data, the fraction of data used in each separate stability class (n) and
the number of data excluded in the analysis.
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statistics and for both unstable and stable conditions. Dupont and Patton (2012a; 2012b) point
out that for stable conditions it might be better to use shorter averaging times to reduce effects of
non-stationarity. Since our analysis primarily focuses on unstable and near-neutral conditions, we
consider 30 min. satisfactory time average for the statistics. The recorded velocity components
were rotated horizontally, such that u represents the horizontal component along the mean wind
x direction, v is the component along the y direction, and w represents the vertical component
along the z direction. To reduce the effect of statistical errors in derived quantities, the data
were excluded when u∗ = 0.2 m s−1 and |θ∗ | < 0.05 K (Garratt 1980). In addition, to provide
a more precise calculation of the vertical derivatives, the vertical profiles of mean quantities (u,
θ, q) were smoothed using a three-point stencil in which the weight of the central point was
twice the weight of the point below and above. The vertical gradients of wind, temperature and
specific humidity were calculated at 3 levels above the canopy (1.1hc , 1.4hc and 2.3hc ), using finite
differences based on the adjacent measurement levels. The canopy influence is anticipated to be
largest at the level closest to canopy top, i.e. 1.1hc , and the canopy influence is expected to have
diminished significantly by 2.3hc level. The middle level (1.4hc ) is included to assess whether
trends are monotonic with height. A summary about the information for the stability classes, the
total number of half hour data, the fraction of data used in the analysis and the excluded data is
presented in Table 2.1.

2.4

Results and discussion

2.4.1

Phenology effects on the observed turbulent exchange coefficients

Using CHATS observations, we are able to quantify the role of the phenology on the turbulent
exchange coefficients above the deciduous canopy. Figure 1 shows the turbulent exchange coefficients for momentum (Kmobs ), heat (Khobs ) and moisture (Kqobs ) calculated directly from the CHATS
observations (Eq. 2.1) at three different heights above the canopy (2.3hc , 1.4hc , 1.1hc ) and as a
function of atmospheric stability. Mean , and values have been grouped by stability classes (Table
2.1).
The uncertainties of Kmobs , Khobs and Kqobs , denoted by error bars, are calculated as two times
the standard deviation within a stability class divided by the square root of the number of data
samples. We find that Kmobs , Khobs and Kqobs are strongly dependent on the canopy phenology under
unstable (FrC and FoC) and near-neutral (NN) conditions and less dependent under stable conditions. The reason for the insignificant phenology influence on exchange coefficients under stable
stratification could be that under stable conditions the decoupling between the canopy and the
atmosphere is independent from canopy density/sparsity (Thomas and Foken 2007). Therefore,
we focus our analysis on the stability range from FrC to NN. Figure 1 also shows that Kmobs , Khobs
and Kqobs for the leafless canopy are significantly larger (by a factor of two) than Kmobs , Khobs and
Kqobs for fully vegetated canopy, implying that vertical mixing is more efficient before leaf-out
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than after leaf-out above this deciduous canopy. These seasonal variations likely result from a
number of reasons, such as: 1) deeper penetration of any turbulent coherent structures generated
by the canopy-top shear instability process (Finnigan et al. 2009) when the canopy’s more open,
and 2) evolution of the vertical distribution of the available energy and its partitioning with the
onset of leaf transpiration (Dupont and Patton 2012a; 2012b). As a consequence, the effect of the
more open canopy on Kmobs suggests that the scale of turbulence is larger than under conditions of
full leaf. The heat and moisture transport both benefits from the larger scales in turbulence and
from the fact that those larger scales are able to pick up heat and moisture that is further away
(down) from the level of the gradient. As a result, we see that the enhancement of K obs in the RSL
is larger for heat and moisture than for momentum. In the following sections we systematically
investigate how well different K-parameterizations (Eq. 2.2 and Eqs. 2.14 - 2.15) can capture
observed Kmobs , Khobs and Kqobs variations resulting from the evolution of canopy phenology and
atmospheric stability.
2.4.2

Phenology effects on K-parameterization

The role of the displacement height
When calculating Km and Kh based on the dimensionless gradients Φm and Φh , the displacement
height is an important length scale. To determine the sensitivity of Φm to the displacement height,
we calculate Φm using the different displacement height calculations described in section 2.2.1
(see Table 2.2). We begin our analysis by showing under unstable and near-neutral conditions for
both canopy leaf states (Fig. 2.2), where Φm is calculated using Eq. (2.3) at specific heights above
the canopy (2.3hc , 2.3hc , 2.3hc ).
Remarkably, for each stability class the Φm calculated using the observed dm (Fig. 2.2a,c,e)
is similar for both canopy configurations. Similar to this finding, Maurer et al. (2015) found insignificant sensitivity of the friction velocity to phenological changes when phenology dependent
displacement height and roughness length were applied. However, using d f ix , which does not
account for the phenology changes, results in a smaller Φm for leafless canopy compared to Φm
for the canopy with leaves (Fig. 2.2d,f). At heights closer to canopy top, Φm is very sensitive
to the displacement height (Fig. 2.2e,f), while only small Φm differences are found at the height
where the RSL blends with the ASL (Fig. 2.2a,b).
This analysis indicates that efforts utilizing dimensionless gradients to predict flux-gradient
relationships above deciduous canopies should account for the seasonal evolution of the displacement height. As shown in Table 2.2 and Fig. 2.2, dm is up to 25 % larger for a canopy in full-leaf
conditions, compared to that without leaves (Table 2.2). Such variations have a large impact on
the calculated dimensionless gradients at heights closer to canopy-top. For this reason, we recommend a displacement height formulation based on both hc and LAI (e.g., Raupach 1994; HF07),
rather than a formulation that uses a constant fraction of hc (e.g. Simpson et al. 1998). Further34
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more, the weak dependence of the displacement height on stability (Table 2.2) does not result
in significant changes in the dimensionless gradients at levels well above the canopy (1.4hc and
2.3hc ). However, the 0.04 m difference in dm between FoC and NN for full-leaf canopy (Table
2.2) produces approximately a 13 % difference in Φm at 1.1hc : a variation substantial enough to
corroborate HF07 and HF08’s suggestion that the displacement height should vary with diabatic
stability, which is introduced through β in dt (see HF07 and HF08).
Table 2.2: Observed displacement height for momentum, dm , and its standard deviation, std(dm ),
normalized by hc (Eq. 2.12); d f ix only as a constant fraction of the canopy height (Eq. 2.13).

Leaf state
No leaf
Full leaf

dm
hc

m)
± std(d
(FrC)
hc
0.57±0.02
0.76±0.03

dm
hc

m)
± std(d
(FoC)
hc
0.58±0.01
0.79±0.02

dm
hc

m)
± std(d
(NN)
hc
0.6±0.02
0.75±0.02

dm /hc
0.76
0.76

The role of foliage on K-parameterization using dimensionless gradients
Traditional MOST To study the dimensionless gradients’ departures from their MOST values,
first we analyze the validity of the constant-flux hypothesis. For that reason, we analyze the
divergence of the vertical momentum, heat and moisture fluxes at the three heights above the
canopy for each stability class and for canopy without- and with leaves. Detailed results are
shown in appendix 2A (see Table 2A.1). General conclusion is that under atmospheric conditions,
under which the corresponding flux is dominant (e.g. heat dominates under unstable, momentum
in near neutral), the vertical flux divergence is reasonably small (around 10 %, as assumed in
the ASL). For instance, we find that over the fully-leafed canopy the average variation of w0 u0
with height is smaller than 3 % compared to its value at 2.3hc under near-neutral conditions. For
the same stability the variation of w0 u0 with height for the leafless canopy increases to about 15
% with respect to the value at 2.3hc . Furthermore, the average variation of w0 θ0 with height is
between 10 and 20 % for both canopy leaf states, compared to their values at 2.3hc under unstable
conditions. Here we note that the sonic anemometers average over a finite volume (which means
that we lose the small scale fluctuations) and that we average over 30 minutes (eliminating any
larger-scale fluctuations) resulting in an observed flux which underestimates the true flux (Foken
2008b). These small- and large-scale flux losses in the observations are both height dependent,
where (i) the fine-scale loss increases with increasing proximity to the surface; and (ii) the largescale loss increases with increasing distance from the surface. However, any attempt to correct for
the loss of small-scale covariance always relies on an assumed shape of the co-spectrum. Inside
and just above the canopy there is little we can assume. The same holds for the correction of
large-scale effects. Nevertheless for the heights we have used above the canopy, a 30 minute
average should suffice (see e.g. Moncrieff et al. 2005). Another possible reason for the failure
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of the constant flux hypothesis is the counter-gradient phenomenon (Denmead and Bradley 1985;
Denmead and Bradley 1987), which is believed to be a consequence of the non-local turbulence
within and just above the canopy. We do not explicitly treat this hypothesis in our analysis, but
we would like to note its possible influence on the flux divergence.
Since we observe relatively stronger vertical flux divergence for different atmospheric stabilities within the RSL (compared to that which MOST presumes), it is more appropriate to link
local gradients to local fluxes. Using this approach, we quantify the deviation of the observed and
modelled Φm , Φh and Φq values from that which standard MOST would predict in the RSL (Fig.
2.3). Figure 2.3 shows that the deviation of Φm , Φh and Φq from the standard functions (Eqs.
2.5 - 2.6) generally increases with closer proximity to the canopy top. Compared to MOST, the
RSL-induced reductions of the dimensionless gradients are within the range of canopy-induced
dimensionless-gradient reductions reported in the previous observational studies (Thom et al.
1975; Raupach 1979; Garratt 1980; Denmead and Bradley 1985; Högström et al. 1989; Simpson
et al. 1998). At the lowest measured level (1.1hc ), we find a decrease in Φm of around 25 %
(Fig. 2.3g) and of around 55 % in Φm (Fig. 2.3h). The decreases in the magnitude of and do
not significantly differ across variations in canopy leaf state or stability (which results from our
having used a leaf-state-dependent displacement height, see Sect. 2.4.2). The largest deviation
(reduction) from MOST is recorded for Φq (around 80 %) for the fully-vegetated canopy (Fig.
2.3i). The strong reduction of Φm for the fully vegetated canopy likely results from our assumption that the displacement height for momentum and moisture are equal. We will elaborate more
on this issue in the next paragraph. Similar Φm and Φh reductions are shown in Garratt (1980) at
the lowest measured level above savannah under unstable conditions. Maximum reductions for
Φm and Φh of up to 60 and 70 %, respectively, are discussed by Högström et al. (1989) at their
lowest measured level (1.15hc ) above a pine forest under unstable conditions.
Standard MOST functions (Eqs. 2.5 -2.6) predict the observed dimensionless gradients at
2.3hc reasonably well (Fig. 2.3a,b,c), albeit with i) slightly higher values than the observed gradients of Φh in near-neutral conditions (Fig. 2.3b), resulting from the discontinuous character of Φh
at the near-neutral limit (due to very small heat flux and temperature gradient), and ii) significantly
lower observed gradients of Φq for leafless canopy (Fig. 2.3c), due to the low evapotranspiration
under leafless conditions. Taking into account the standard errors of the dimensionless gradient
means, dimensionless gradients predicted by MOST at the 2.3hc level agree well with the observations, suggesting that direct canopy influences have sufficiently diminished by this height to
suggest that this level is above the RSL.
RSL-corrected MOST To complete the analysis, we evaluate HF07 and HF08’s dimensionless
gradient formulations that include a parameterization of the RSL’s influence on MOST (Eqs. 2.7
– 2.11) above CHATS’ tall deciduous canopy. The expressions presented in Eqs. (2.7 – 2.11)
capture the observed dimensionless gradients Φm and Φh very well, while they deviate for Φq
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(Fig. 2.3). Recall that the displacement height for momentum was used to calculate Φq , which
might lead to an underestimation of the dimensionless gradient of specific moisture at the lowest measured level. Under FoC and NN conditions for the fully leafed canopy, the displacement
height evaluated as the mean height of the within-canopy moisture sources/sinks (Eq. 2.12) is
around 0.53hc , which differs significantly from the displacement height for momentum (0.75hc ).
This discrepancy would therefore increase the calculated Φq by about 15 % at the 1.1hc level and
improve the agreement between the observations and HF08’s modified Φq . However, Raupach
(1979) suggested that there are no acceptable physical interpretations for very low heat and moisture displacement heights and recommended using the momentum displacement height as the
relevant length scale for all quantities when representing dimensionless gradients and then to
"incorporate all property differences into the influence functions Φm,h,q , which then depend not
only upon the stability parameter but also upon dimensionless surface parameters". Based on the
results presented here (especially for Φm and Φh ), we confirm that HF07 and HF08’s formulation captures the primary canopy-induced effects on the turbulence and therefore recommend its
use in large-scale models when parameterizing flux-gradient relationships in the vicinity of high
vegetation.
There are few studies considering canopy phenology influences on flux-gradient relationships
over a deciduous canopy and their variation with seasonality or diabatic stability (e.g., Simpson
et al. 1998; Sakai et al. 2000). The work conducted by Simpson et al. (1998) is based on an
observational analysis of fluxes and gradients of CO2 over a heterogeneous deciduous forest in
Canada with average tree height of 20 m and average LAI of 3.6. They found approximately
a 10-20 % increase in the dimensionless CO2 gradient under near-neutral conditions for pre- vs.
post-senescence at the measurement level closest to canopy top (1.3hc ). This implies that the fully
vegetated canopy is less efficient in reducing the dimensionless CO2 gradient than the canopy with
less leaves, suggesting more efficient CO2 exchange for their canopy without leaves. Hence, the
direction of the variation of dimensionless gradient with phenology is consistent with that found
in our data set, but the magnitude differs (10-20 % in Simpson et al. (1998) versus around 2 %
in our data), although it should be noted that the observation heights are not exactly comparable
(1.3hc vs. 1.1hc ). The magnitude difference of leaf-state on the dimensionless gradients most
likely results from the fact that Simpson et al. (1998) neglected the seasonal variation in the
displacement height when calculating the flux-gradient relationships. On the other hand, Sakai
(2000) investigated the effects of canopy seasonal variation on turbulent exchange within and just
above different canopy types (LAI from 1 to 5), taking phenology dependent displacement height
and roughness length into account. Similar to our results, Sakai (2000, Fig. 3.4) found decreased
dimensionless gradients of wind and temperature close to the canopy top (1.3hc ), compared to
the standard MOST. However, Sakai (2000) found that due to the phenological influence on z0
and d (Fig. 3.15 in their study), the resulting drag coefficients were insensitive to the variation of
the canopy leaf state under convective conditions. The latter has previously been shown for the
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Harvard deciduous Forest (Fig. 8, Moore et al. 1996).
Our analysis in section 2.4.2 showed that the dimensionless gradients are very sensitive to
the displacement height formulation, especially when evaluating dimensionless gradients near
canopy top. Figure 2.4 shows a comparison between observed Kmobs , Khobs and Kqobs (Fig. 2.1)
and the Km , Kh and Kq parameterized using the observed local friction velocity and HF07 and
HF08’s RSL modification of MOST (Eqs. 2.7 – 2.11), which we have applied as it would be
if it were implemented within a large-scale atmospheric models where canopy characteristics
are only available via satellite (see section 2.2.1). Figure 2.4 further indicates that phenology
has a large influence on Km , Kh and Kq . Moreover, the HF07 and HF08 RSL parameterization
shows satisfactory agreement with the CHATS observed Km , Kh and Kq , which confirms their
applicability for parameterizing canopy-atmosphere turbulent exchange over tall vegetation in
weather and climate models for this range of atmospheric stability. However, we should note that
the agreement of the RSL model with the observations becomes weaker under stronger instability
(shear-free conditions). Under these conditions the effect of the larger-scale convective eddies on
the turbulent transport in the RSL can be a relevant factor (Fitzjarrald et al. 1988; Zilitinkevich
et al. 2006). We note that the RSL model does not physically accounts for these large convective
eddies.
Furthermore, the Kq is similar to Kh only at the level 2.3hc and 1.4hc . Therefore, at this
height, the assumption for the equality of the universal dimensionless functions between heat and
moisture (Eq. 2.6) still holds. However, at the level 1.1hc the differences were larger, where Kq
is larger than Kh for the full-leaf canopy. We note that these differences can be a consequence
of different partitioning of the specific humidity. Namely, the Kq and Kh are influenced not only
by the plant transpiration, but also by soil evaporation (Dupont and Patton 2012). Since during
the CHATS experiment there were days with irrigation (Patton et al. 2011), it can potentially
influence the specific moisture partitioning and its exchange close to canopy top.
Given that the vertical turbulent fluxes are reasonably constant with height, our findings confirm that the observed reductions in Φm , Φh and Φq in the RSL largely result from smaller mean
wind speed and scalar gradients with increasing proximity to canopy top (see Dupont andPatton
2012b) compared to those predicted by MOST. This decrease in mean gradients near the canopyatmosphere interface is related to the turbulent coherent structures formed in this layer (Raupach
et al. 1996; Finnigan et al. 2009). Parameterization schemes generally characterize the coherent
structures using a mixing length, which for surface-layer scaling is κ(z−dψ ) according to Prandtl’s
mixed layer theory. To bring canopy influences into their RSL parameterization, HF07 and FH08
incorporate an additional length scale associated with the coherent structures generated via the
shear-instability at canopy top: the vorticity thickness, δω , which is defined as u/[du/dz] at canopy top and therefore equal to l/β (HF07). Given the importance of δω in HF07’s and HF08’s
RSL parameterization, we will elaborate on the impact of phenology and stability on the turbulent exchange coefficients discussed in section 4.1. For that, we extend the analysis conducted
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ū
[m]
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Figure 2.5: Observed vorticity thickness, δω , calculated from the measured mean wind speed
and gradients at the canopy top, as a function of the stability at the same level before and after
the leaf-out. The red and the green solid lines represent the best cubic polynomial fit for each
canopy leaf state, respectively, with the following constants: a1 = 10.10, a2 = −4.25, a3 = 0.46,
a4 = 0.12 and b1 = 22.52, b2 = −18.66, b3 = −2.70, b4 = 1.68.
by Dupont and Patton (2012a; 2012b) by calculating the vorticity thickness as a function of the
stability at CHATS.
Figure 2.5 confirms that δω at the canopy top strongly depends on both canopy phenology and
diabatic stability. The larger δω for the leafless canopy indicates the presence of larger scales in
the turbulence, which explains the larger exchange coefficients for the leafless canopy discussed
in Sect. 2.4.1.
The role of phenology on K- parameterization based on TKE and dissipation
In order to determine parameterized turbulent diffusivities according to Eq. 2.14 and Eq. 2.15,
both TKE and dissipation need to be determined from the CHATS observations. TKE is derived
from the variances for the three wind speed components, where the latter have been extensively
discussed by Dupont and Patton (2012a; 2012b). Dissipation is derived using the Fourier spectrum of the horizontal streamwise wind speed component, S u (k), where the energy density is
assumed to follow:
S u (k) = α ε2/3 k−5/3 .
(2.16)
Details of the method used here to calculate dissipation are presented in appendix 2B. Figure 2.6
shows that the K-parameterizations based on Eq. 2.14 and Eq. 2.15 depend on the phenological
evolution under unstable and near-neutral conditions. While for near-neutral conditions both
methods give very similar results compared to the observed Kmobs (both showing an increase of K
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from about 1 ms−1 at z = 1.1hc to 3.5 ms−1 at z = 2.3hc ), they differ in magnitude for unstable
conditions. For instance, at 1.1hc for FrC and FoC stability classes K ii is larger than the K i , but
K i is smaller than Kmobs (Fig. 2.6e). Furthermore, both methods show the correct variation with
height, but K i fails to approach the observed Kmobs values under unstable conditions a result which
suggests that the constant cµ = 0.03 used in K i is not applicable in this dataset under unstable
conditions (although, consistent with Katul et al (2004) analysis, this cµ value works well for near
neutral data).
The turbulence closures K i and K ii are similar under near-neutral conditions (Katul et al.
2004). Katul et al. (2004) presented a detailed analysis of the similarities between both of these
turbulence closures applied to neutrally stratified, homogeneous, steady-state flow, within and
just above canopies with different morphology (i.e. rice, corn, pine trees, etc). Distinct in our K i
analysis is the application of a phenology and diabatic-stability varying displacement height in
defining the turbulent length scale. Using this evolving dm in K i (Fig. 2.6) yields a 15 % increase
in K i compared to when d f ix is used (not shown), which implies that canopy phenology effects
on K-parameterization were largely captured within K f ix , since the turbulent kinetic energy does
not show significant phenology dependence (Fig. 2.7a). We can therefore conclude that closures
based on dimensionless gradients (Eq. 2.2) and TKE (Eq. 2.14) need to include a turbulent length
scale which accounts for canopy phenology and atmospheric stability changes.
The K ii formulation (Eq. 2.15) offers a distinct advantage by not requiring an explicit length
scale. The information for the turbulence variation is captured in the ratio between the e2 and the
TKE dissipation ε (Eq. 2.15). Figure 2.6 indicates that the method better reproduces the observed
exchange coefficient than does the K (i) method. To further discuss the reasons for this differences
in the parameterization methods, we extend our analysis to investigate the influence of canopy
phenology changes on ε and additionally on turbulent transport of TKE.
Assuming stationary, near neutral and horizontal homogeneous conditions, the TKE budget
in the RSL above the canopy reads (Brunet et al. 1994):
∂u
∂w0 e
1 ∂p0 w0
∂e
−
−
= 0 = −w0 u0
− ε,
∂t
∂z
ρ ∂z
| {z ∂z} |{z}
| {z }
Ps

Tt

(2.17)

Tp

which is a balance between shear production (P s ), turbulent transport (T t ), and pressure transport
(T p ), and dissipation (ε). The CHATS data enables direct calculation of P s , T t and ε. Due to the
difficulty in measuring the pressure transport term, we represent this term as a residual TKE (R).
Figure 2.7c shows K (ii) (similar to Fig. 2.6b,d,f), but now focuses on near-neutral conditions
as a function of height (Fig. 2.7c). To support the analysis, we also show the total e (Fig. 2.7a),
and the TKE shear production (P s ) and the dissipation (ε) (Fig. 2.7b). All quantities in Fig. 2.7
are presented in dimensional form to enable direct comparison between dimensional exchange
coefficient and its determining factors. We observe that K (ii) -values (Fig 2.7c) are larger under
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Figure 2.7: (a) Turbulent kinetic energy (e), (b) TKE shear production (P s ) and TKE dissipation
(ε), and (c) K ii (Eq. 2.15), calculated from CHATS observations at different heights above the
canopy under near-neutral conditions (Table 2.1).
leafless conditions in spite of the fact that e has similar values under leaf and non-leaf conditions, which likely arises because the fine-scale boundary layers produced on the leaves increase
dissipation’s dependence on leaf state.
Compared to upper levels, shear production of TKE is largest near canopy top (Fig. 2.7b). At
all levels the shear-production of TKE is larger for the fully-leafed canopy than for leafless canopy, due to the larger mean velocity gradient for full-leaf conditions (Dupont and Patton 2012b).
Under near-neutral conditions, the vertical variation of TKE dissipation and its evolution with
leaf-state generally follows TKE shear production (Fig. 2.7b), while turbulent transport of TKE
does not significantly change with leaf state (Fig. 2.8a). Apparently larger production and dissipation lead to only slightly more TKE (Fig. 2.7a). Therefore, the evolution of K (ii) with leaf state
must result from the leaf-induced increased dissipation.
To conclude, we find that canopy phenology influences the production and dissipation of TKE.
There is no significant phenological influence on the above- canopy turbulent transport of TKE
or residual TKE (Fig. 2.8a and 2.8b, respectively). The larger TKE shear production for full-leaf
canopy is related to the canopy-induced turbulence (Raupach et al. 1996; Finnigan et al. 2009;
Patton and Finnigan 2013). However, our observational analysis indicates that under leafless
canopy conditions, enhanced coupling between the atmosphere and the ground surface results
in more effective mixing (quantified by the larger values, Fig. 2.7c). A plausible explanation
for this result is related to the combined effects of large-scale surface-layer eddies and coherent
eddies formed via the inflection-point instability induced at canopy top (Dupont and Patton 2012a;
2012b). While denser canopies induce more shear at canopy top, sparser canopies allow the
canopy-top shear-induced eddies to penetrate deeper into the canopy which more efficiently mixes
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Figure 2.8: (a) Turbulent transport of TKE and (b) residual TKE, calculated from CHATS observations at different heights above the canopy under near-neutral conditions (Eq. 2.15 and Table
2.1).
the layers within and above the canopies (as characterized by the increased vorticity thickness,
Fig. 2.5).

2.5

Conclusions

The effect of canopy phenology on turbulence within the roughness sublayer above a tall deciduous walnut orchard is studied as a function of atmospheric stratification. The validity of different
turbulence closure formulations for the turbulent exchange coefficient is investigated and compared with the turbulent exchange coefficient calculated from observed vertical fluxes and mean
gradients. To this end, we analyzed a complete data set of observations gathered during a whole
season at the Canopy Horizontal Array Turbulence Study (CHATS) experiment. Based on our
findings, we reached the following conclusions:
• Turbulent structure above tall deciduous vegetation depends strongly on canopy phenology
changes, as quantified by the turbulent exchange coefficient. Leafless canopy conditions
increases the turbulent exchange coefficient of momentum, heat and moisture under both
unstable and near-neutral conditions due to better atmosphere-ground surface coupling.
• Except for the turbulent closure K (i) , under unstable conditions, the turbulent closure formulations for the turbulent exchange coefficient are able to reproduce the observations relatively well when using a canopy phenology and diabatic stability dependent displacement
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height in the turbulent length scale. Parameterizations based on Eq. 2.14 and Eq. 2.15
show the correct height dependence above the canopy. They also satisfactorily reproduce
the leaf-state dependence. Parameterizations based on Eq. 2.2 using modified dimensionless gradient to account for the RSL effects satisfactorily represent the observations in terms
of both their height dependence and their phenology dependence.
• A length scale (displacement height or vorticity thickness) formulation which accounts for
the canopy leaf state and diabatic stability is crucial to accurately representing flux-gradient
relationships of state variables within the roughness sublayer under the seasonal evolution
of canopy foliage; a relevant finding for roughness sublayer turbulence parameterization.
• Harman and Finnigan (2007; 2008) roughness sublayer parameterization of canopy induced
modification to flux-gradient relationships are evaluated and are in satisfactory agreement
with the CHATS observations. We therefore recommend applying their parameterization
when attempting to represent turbulent fluxes via turbulent exchange coefficients.
• Under near-neutral conditions, TKE dissipation generally follows TKE shear production for
both canopy leaf states, while turbulent transport of TKE shows no significant dependence
on the leaf state.
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Table 2A.1: Ratio between the vertical momentum, heat and moisture fluxes at different heights
above the canopy relative to the highest measured level (23 m) for both leaf states (no leaf, full
leaf) and different stability class (Table 2.1).
Stability
FrC
FoC
NN
TS
S

No leaf
w0 u0 23 /w0 u0 14 w0 u0 23 /w0 u0 11
1.16
1.30
1.13
1.21
0.83
0.85
1.14
1.43
1.00
n/a

Ful leaf
w0 u0 23 /w0 u0 14 w0 u0 23 /w0 u0 11
1.16
1.58
1.21
1.43
0.97
1.00
1.11
1.61
1.17
1.63

FrC
FoC
NN
TS
S

w0 θ0 23 /w0 θ0 14
0.85
0.86
1.73
0.88
0.73

w0 θ0 23 /w0 θ0 14
0.82
0.96
1.12
0.82
1.95

w0 θ0 23 /w0 θ0 11
0.89
0.92
1.35
0.91
1.13

w0 q0 23 /w0 q0 14
0.97
1.01
0.11
1.09
2.79

w0 q0 23 /w0 q0 11
1.13
1.06
1.13
1.35
2.78

FrC
FoC
NN
TS
S

w0 θ0 23 /w0 θ0 11
0.80
0.80
3.07
0.99
n/a

2A

Appendix: Analysis of the vertical flux divergence

2B

Appendix: Steps to calculate TKE dissipation from the CHATS data

The dissipation is derived from the Fourier spectrum of the horizontal streamwise wind speed
component, S u (k), where the energy density follows the expression: S u (k) = α ε2/3 k−5/3 . To
evaluate ε, the following steps are made for each 30 minute interval of 60Hz raw data:
i) the spectrum S u (k) is smoothed over 100 spectral points;
ii) ε is determined from the equation of S u (k) for each wavenumber in the spectrum;
iii) using a moving window covering 20 % of the spectrum (moving by one wave number step at
a time) the coefficient of variation (σε /ε) as well as the slope of the spectrum is determined
for each window position;
iv) if, for a given window position, the coefficient of variation of epsilon is below 30 % and
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the slope of the spectrum is within 30 % of -5/3 the mean value of epsilon for that window
position is considered to be valid;
v) the ε value for the entire 30 minute interval is determined as the mean of all valid values of
ε found in the above procedure.
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Integrating canopy and large-scale effects in
the convective boundary-layer dynamics
during CHATS experiment
By characterizing the dynamics of a convective boundary layer above a relatively sparse and
uniform orchard canopy, we investigated the impact of the roughness sublayer (RSL) representation on the predicted diurnal variability of surface fluxes and state variables. Our approach
combined numerical experiments, using an atmospheric mixed-layer model including a land
surface-vegetation representation, and measurements from the Canopy Horizontal Array Turbulence Study (CHATS) field experiment near Dixon, California. The RSL is parameterized
using an additional factor in the standard Monin-Obukhov Similarity Theory flux-profile relationships that takes into account the canopy influence on the atmospheric flow. We selected a
representative case characterised by southerly wind conditions to ensure well-developed RSL
over the orchard canopy. We then investigated the sensitivity of the diurnal variability of the
boundary-layer dynamics to the changes in the RSL key scales, the canopy adjustment length
scale, Lc , and the β = u∗ /|U| ratio at the top of the canopy, due to their stability and dependence on canopy structure. We found that the inclusion of the RSL parameterisation resulted in
improved prediction of the diurnal evolution of the near-surface mean quantities (e.g. up to
This chapter is published as Shapkalijevski et al. (2017), with Appendix 3C as a supplementary material.
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50 % for the wind velocity) and transfer (drag) coefficients. We found relatively insignificant
effects on the modelled surface fluxes (e.g. up to 5 % for the friction velocity, while 3 % for the
sensible and latent heat), which is due to the compensating effect between the mean gradients
and the drag coefficients, which are both largely affected by the RSL parameterisation. When
varying Lc (from 10 to 20m) and β (from 0.25 to 0.4), based on observational evidence, the
predicted friction velocity is found to vary by up to 25 % and the modelled surface energy
fluxes (SH and LE) vary up to 2 % and 9 %, respectively. Consequently, the boundary-layer
height varies up to 6 %. Furthermore, our analysis indicated that to interpret the CHATS
measurements above the canopy, the contributions of non-local effects such as entrainment,
subsidence and the advection of heat and moisture over the CHATS site need to be taken into
account.

3.1

Introduction

The atmospheric boundary layer (ABL), as a component of the global climate system, is characterized by the turbulent exchange of energy, momentum and matter between the Earth’s surface
and the lower atmosphere, as well as by the influence of larger-scale atmospheric processes (Stull
1988). Tall plant canopies modify turbulence at the canopy-atmosphere interface, leading to specific turbulent organised structures (Raupach 1998). These coherent turbulent structures in the
canopy vicinity are similar in nature to eddies developed in a plane mixing layer (Raupach1996;
Finnigan 2000; Finnigan et al. 2009). The layer in which these turbulent structures appear and
affect the atmospheric flow is called the roughness sublayer (RSL). These structures are responsible for majority of the momentum and turbulent kinetic energy exchange between canopy and
atmosphere Finnigan 2000; Finnigan et al. 2009). Dependent on canopy density and height, as
well as atmospheric diabatic stability, the vertical extent of the RSL is estimated to reach up to 2-3
canopy heights (Dupont and Patton 2012a; Shapkalijevski et al. 2016). Representing the ABL
dynamics, considering the RSL turbulence within the system, may be of importance in numerical
weather prediction models (NWP) (Physick and Garratt 1995; Harman 2012).
A number of observational studies have demonstrated the importance of canopy effects on the
turbulent exchange of energy, mass and momentum within the RSL for different canopy types
(e.g. Thom et al. 1975; Raupach 1979; Denmead and Bradley 1985, Högström1989). They
all pointed out the failure of the traditional Monin-Obukhov similarity theory (MOST, Monin
and Obukhov 1954) to link turbulent fluxes to the mean profiles within the RSL. To account for
the canopy effects, a number of different formulations parameterizing the effect of RSL have
been proposed to modify the standard MOST flux-profile relationships (Garratt 1980 Cellier and
Brunet 1992; Raupach 1992,Mölder1999; Harman and Finnigan 2007; 2008; De Ridder 2010).
The latter resulted in improved flux calculations just above the canopy when inferred from profile
measurements (Mölder1999; De Ridder 2010).
The flux-profile relationships are commonly used within the surface scheme of the atmo52
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spheric models. There have been efforts to incorporate the effect of RSL turbulence, by using
the above-mentioned RSL-adapted flux-profile relationship, in the surface schemes of numerical
atmospheric models (Physick and Garratt 1995; Harman 2012). Physick and Garratt (1995), who
incorporated a relatively simple RSL parameterization within the surface scheme of a mesoscale
model, studied the impact of the RSL on the deposition velocity and mean variables above the
canopy. Physick and Garratt (1995) found significant variation in mean wind speed within the
RSL, while only small (less than 3 %) on surface fluxes. Harman (2012) later implemented
a more physically sound RSL formulation (based on Harman and Finnigan 2007; 2008) in the
surface-energy balance (SEB) of a one-dimensional single column atmospheric model, in order
to study the effect of the RSL on the coupling between a canopy and the boundary layer. Based
on their (Harman and Finnigan 2007; 2008) RSL formulation, the roughness parameters (e.g.
the roughness length of momentum and scalars, displacement plane) are stability dependent variables. Harman (2012) found an altered surface fluxes about 25 % (e.g. sensible heat flux and the
friction velocity), and also effects on mean boundary state variables (e.g. wind speed, potential
temperature) just above the canopy when RSL is applied.
Extending these previous works, our study aimed to elucidate the ABL system for real conditions, taking the representation of the RSL into account. In order to consider all the relevant
physical processes needed to represent the diurnal variability of the state variables above the
canopy, we implemented the RSL formulation proposed by Harman and Finnigan (2007; 2008)
and embedded it in a coupled soil-vegetation-atmosphere mixed-layer model (van Heerwaarden
2009). The model has been successfully employed in a number of studies based on field observations gathered above low vegetation (e.g. van Heerwaarden 2009) or influenced by complex
surface heterogeneity and topography (e.g. Pietersen et al. 2015). Here, we extend its applicability, by employing the RSL model (Harman and Finnigan 2007; 2008) to study a surface with
relatively tall and sparse uniform plant canopy. In order to constrain and evaluate our numerical
experiments, we took advantage of the comprehensive data set-gathered during the Canopy Horizontal Array Turbulence Study (CHATS) experiment (Patton et al. 2011), paying special attention
to sensitivity analysis of the CBL dynamics to the scaling variables that govern the RSL parameterization. We focused on the sensitivity of the model results to changes in the canopy adjustment
length scale, Lc , and the β = u∗ /|U| ratio at the canopy top, which are dependent on respectively
the canopy structure and atmospheric stability.
Our research is thus an exploratory study of the potential alterations to the boundary-layer
dynamics as calculated by large-scale models (Chen and Dudhia 2001), when the RSL is taken
into account.
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3.2

Methods

3.2.1

CHATS data

The CHATS experiment took place in the spring of 2007 in one of Cilker Orchard’s walnut blocks
in Dixon, California, USA. A detailed description of the site, instrumentation and data treatment
has been provided by Patton et al. (2011) and Dupont and Patton (2012a). Here we focus on the
specific observations used in this study and on the criteria used to select the representative cases.
The observations analysed in this study were made on a 30 m mast located near the northernmost border of the orchard site in order to ensure a fetch of about 1.5 km for the predominant
southerly winds (see Fig. 1a and Fig. 3 in Dupont and Patton 2012a). The average height of the
trees (hc ) was estimated to be 10 m. Wind, temperature and specific humidity were measured at
13 levels on the mast (see Patton 2011). The shortwave and longwave radiation above the canopy
were measured at 6 m above the canopy top. The soil properties were measured at a depth of 0.05
m. The NCAR Raman-shifted Eye-safe Aerosol Lidar (REAL) monitored reflectivity in order to
evaluate the evolution of the boundary-layer height, h (Patton 2011). The Lidar measurements
enabled us to retrieve the evolution of h from the aerosol backscatter signal (see supplementary
material for the method and the data treatment procedures). The leaf area index (LAI) was also
measured before and after the growing (leaf-out) season (Patton 2011). Although the LAI varied
from 0.7 to 2.5 m2 (leaf area) m−2 (surface area) depending on the seasonality (before and after
leaf-out, respectively), we took the value of 2.5 for the LAI to represent a fully vegetated canopy.
It is important to note that due to the sparseness of the orchard canopy the insolation at the ground
was relatively high, leading to high available energy at the soil. In consequence, the soil-related
fluxes of sensible and latent heat were relatively important for the turbulent exchange processes
within and above the canopy (Dupont and Patton 2012b; Shapkalijevski et al. 2016).
The CHATS dataset is used in our study to initialise and constrain our soil-vegetation and atmosphere modelling system. The model evaluation of the diurnal variability of the state variables
in and above the roughness sublayer makes use of diurnal observations of the mean and turbulent
variables at the same heights (at the canopy top (10 m) and at 19 m above the canopy) as for the
selected study cases (section 3.2.3).
3.2.2

Soil-vegetation-atmosphere model

An atmospheric boundary-layer model with a zero-order jump approach, based on mixed-layer
theory (Lilly 1968; Tennekes and Driedonks 1981; Vilà-Guerau de Arellano et al. 2015), was
used to calculate the evolution of the well-mixed (slab) state variables and the evolution of boundary layer height. It is based on the vertical integration of the slab-averaged governing equations
of thermodynamic variables and atmospheric constituents well above the canopy. At the upper
boundary of the atmospheric model, the thermal inversion layer separates the well-mixed layer
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Figure 3.1: Schematic overview of the coupled land-vegetation-atmospheric system and its representation in the mixed-layer model. The vertical origin of the co-ordinate system is placed at the
displacement height d. The height of the surface layer is estimated as 10 % of the boundary-layer
height (Stull 1988). The scheme illustrates the diurnal (convective) evolution of the boundarylayer height (h) and stability dependent roughness lengths for momentum and scalars (z0M and
z0H ). Profiles of boundary-layer state variables (wind speed, |U|, potential temperature, <θ>,
and specific humidity, <q>), are also presented, both including and omitting the RSL effects in
the flux-gradient relationships.
(MXL) from the free troposphere (FT). This separation is represented by a finite jump in the
constituent under consideration (FT values minus MXL value) over an infinitesimal depth. At
the bottom, we included a representation of the surface roughness sublayer (RSL), which is characterized by steep mean gradients, connecting the surface to the lower part of the surface layer
(ASL). The ASL then connects the RSL to the MXL (Fig. 3.1). The predicted boundary-layer
state variables (wind speed, potential temperature and specific humidity) and the boundary-layer
height (h) by the model are presented later in this section.
Based on the mixed-layer model, the diurnal variability of the mean thermodynamic variables
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and atmospheric constituents reads as follows:
d < ϕ > (w0 ϕ0 ) s − (w0 ϕ0 )e
=
+ Advϕ ,
dt
h

(3.1)

where (w0 ϕ0 ) s and (w0 ϕ0 )e are the vertical turbulent kinematic fluxes of a certain variable ϕ
(ϕ ≡ u, v, θ, q) at the lower (surface) and upper (entrainment) boundaries, respectively; h is the
boundary-layer height, while Advϕ is the advection of the corresponding quantity of interest. The
chevrons "<ϕ>" represents the variables within the mixed layer. For a more complete description
of the mixed-layer governing equations, see van Heerwaarden et al. (2009) and Ouwersloot et
al. (2012). In what follows, we incorporate the most physically sound roughness-sublayer model
(Harman and Finnigan 2007; 2008) in the surface scheme of our modelling system (following the
concept of Harman (2012)). We calculated the surface fluxes in Eq. 3.1 as follows:
(w0 ϕ0 ) s =

(ϕ s − ϕ(zr ))
,
raϕ + r sϕ

(3.2)

where ϕ s and ϕ(zr ) are the mean vector (wind velocity) and scalar (potential temperature, specific
humidity) quantities at roughness length (z0ϕ ) and at a given reference height within the RSL (zr ).
For momentum z0ϕ ≡ z0M , while for scalars z0ϕ ≡ z0H . The aerodynamic resistance in Eq. 3.2
is calculated at zr and is related to the drag coefficient (Cϕ ) and the mean wind speed (|U|) at the
same height:
raϕ = (Cϕ (zr ) |U(zr )|)−1 .
(3.3)
The stomatal resistance, r sϕ , in Eq. (3.2) is equal to zero for momentum and heat. Its definition
and computation for moisture is presented and explained in van Heerwaarden et al. (2009).
The influenced Cϕ (zr ) and ϕ(zr ) due to the canopy presence are calculated using the following
expressions:

Cϕ (zr ) = κ2

1
[ln( zz0Mr )

−

Ψ M ( zLr )

+ Ψ M ( z0M
L ) + Ψ̂ M (z, dt , L)]
1

[ln( zz0ϕr ) − Ψϕ ( zLr ) + Ψϕ (
and
ϕ(zr ) = ϕ s −

z0ϕ
L )

+ Ψ̂ϕ (z, dt , L)]

(3.4)

,

z0ϕ
(w0 ϕ0 ) s
zr
zr
[ln( ) − Ψϕ ( ) + Ψϕ ( ) + Ψ̂ϕ (z, dt , L)],
κ u∗
z0ϕ
L
L

(3.5)

where κ is the von-Kármán constant of 0.41 (Högström 1989). The friction velocity is computed
as:
p
u∗ = C M (zr ) |U(zr )|.
(3.6)
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z

zr
0ϕ
The functions: Ψ M ( zLr ), Ψ M ( z0M
L ), Ψϕ ( L ), Ψϕ ( L ) are the integrated diabatic stability functions
for momentum and scalars, while Ψ̂ M (zr , dt , L) and Ψ̂ϕ (zr , dt , L) represent the roughness sublayer
functions for momentum and scalars (Harman and Finnigan 2007; 2008). Stability-dependent
roughness lengths for momentum and other scalars (z0M and z0ϕ , respectively) included in Eqs.
3.4 and 3.5 are described in detail in Harman (2012).
The displacement height, dt , in Eqs. 3.4 and 3.5 is defined as the distance from the conventional displacement plane, at actual height, d, to the canopy top, at actual height hc : dt = hc − d
(see Fig. 3.1). Based on Harman and Finnigan (2017), dt is calculated as follows:

dt = β2 Lc ,

(3.7)

where, Lc , is canopy adjustment length scale, defined as:
Lc = (cd a)−1 ,

(3.8)

where a is the canopy’s leaf area density which is assumed to be constant with height (Harman
and Finnigan 2007), while cd is the leaf drag coefficient, calculated from the observations at the
canopy top (cd = u2∗ /(|U|)2 ). The canopy adjustment length scale (Eq. 3.8) is defined as a measure
of the distance over which an internal boundary layer with no prior knowledge of a tall canopy
would need to equilibrate (adjust) to the presence of a canopy (Belcher et al. 2003; Harman and
Finnigan 2007) For the given CHATS experiment, Shapkalijevski et al. (2016) have shown that
Lc =16m under near-neutral and weakly-unstable conditions. Under strongly-unstable conditions
Lc ≈10m, while under strongly-stable conditions Lc >20m. Another critical stability-dependent
variable in Eq. 3.7 is β, which indicates the ratio between the friction velocity and the mean
u∗
). Based on our CHATS analysis (Shapkalijevski et al. 2016),
wind speed at canopy top (β = |U|
we find that under weakly-unstable, near-neutral and weakly-stable atmospheric conditions β
has constant value of 0.3, consistent with Harman and Finnigan (2007; 2008). Under stronglyunstable conditions, this variable increases up to 0.4, while under strongly-stable conditions it
decreases to nearly 0.25. Based on estimates at the CHATS site, we assume the values of 0.3 and
16m for β and Lc , respectively. The sensitivity of the calculated surface fluxes and boundary state
variables to the values of β and Lc is presented and discussed in sections 3.4 and 3.5.
Finally, the RSL functions Ψ̂ M (zr , dt , L) and Ψ̂ϕ (zr , dt , L), are non-linear integrals, which are
solved numerically. For a detailed theoretical description and derivation of these RSL functions,
see Harman and Finnigan (2007; 2008).
3.2.3

Research strategy

To initialise and validate our modelling system, we selected observations of a representative day
from the second phase of the CHATS campaign (from 13 May to 12 June) focusing on the walnut
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trees after leaf-out (fully vegetated canopy). The representative case is based on two requirements
that the data satisfied: i) well-mixed conditions and ii) well-developed RSL. Our assumption of
a well-mixed boundary layer is justified for sunny (cloudless) days characterised by convective
conditions. Moreover, the LIDAR data (see figures in supplementary material) showed a quite
homogeneous signal, which in the absence of radiosoundings implies well-mixed conditions up to
500 m height at noon (12:00 LT). In order to ensure the maximum influence (fetch) of the canopy
on the atmospheric flow, leading to a potentially well-developed RSL, we selected data with
southerly predominant winds, since the measurement tower was placed at the northernmost part
of the orchard field (Patton et al. 2011). Based on these requirements, we selected observations
from 27 May 2007 at CHATS. To test the robustness of the model results, we also analysed an
additional day (31 May 2007) with different wind forcing (northerly varying to southerly winds
in the course of the day).
Several systematic experiments were performed, in which the representation of the drag coefficient and the impact of the RSL on mean gradients (Eqs. 3.4-3.5), as well as the inclusion
of various large-scale forcing were varied. The standard MOST runs (abbreviated as ’M’) were
performed by omitting the roughness sublayer functions in Eqs. 3.4-3.5. The large-scale forcing consists of mean vertical velocity subsidence, advection of cold and moist air, and increased
boundary layer drying due to a drier free troposphere (see next paragraph). Table 3.1 summarises
the processes included in the numerical experiments.
Table 3.1: Numerical model runs; description and abbreviations.
Experiment abbreviation
MXL+R
MXL+RS
MXL+RSA
MXL+RSAD
MXL+MSAD

RSL (R) or MOST (M)
R
R
R
R
M

Subsidence (S)
S
S
S
S

Advection (A)
A
A
A

FT drying (D)
D
D

The numerical experiment which does not take subsidence into account has prescribed zero
subsidence (no divergence of the mean horizontal wind), while the numerical experiments with
subsidence have imposed constant divergence of the mean horizontal wind (Appendix 3A). Based
on the observed temporal evolution of the potential temperature and specific humidity at 29 m, we
set constant advective cooling and moistening at specific moment in time in our numerical experiments (Appendix 3A). No advection of momentum has been imposed in the momentum budget.
Furthermore, to represent the increased BL drying from the free troposphere we modified the
specific humidity lapse rate in the free troposphere (γq ) depending on the BL-height (Appendix
3A). For instance, to represent the observed temporal evolution of the specific humidity at 29 m
during the day on 27 May 2007, we prescribed a modification of the γq = 10−4 kg kg−1 m−1 when
the BL-height reaches 450 m (based on observations), while the initial γq was set equal to 0 units
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(see Table 3A.1).
The numerical experiments started at 08:00 local time (LT), which is equivalent to 15:00 coordinated universal time (UTC), and lasted for nine hours. In the absence of initial measurements
at the residual layer (roughly 350 m); we imposed the upper boundary conditions of the model
to optimise the representation of the temporal evolution of the potential temperature, specific humidity, wind direction and boundary-layer height (Table 3A.1 and 3A.2 in Appendix 3A). We
used the observations at the highest measurement level at the tower (29 m above ground surface)
to evaluate the model results away from the canopy, where the RSL effects are minimal.
Furthermore, we put special emphasis on validating the modelled quantities at the canopy top
(z = zr = dt ) and compared them with the corresponding observations at the same height. We
selected the canopy top (10 m above the ground surface) as a reference level due to the largest
expected RSL effects on the flow (Harman and Finnigan 2007; 2008). We note that the area of the
orchard is rather small (∼1 km2) to be capable of influencing the development of the boundarylayer dynamics (Schmid 2002). However, in the model, we extrapolated the characteristic surface
fluxes and mean gradients, assuming that the area of this orchard is sufficient to drive the main
processes at the CBL dynamics.
Finally, the initial value of z0M =0.7m used in all the numerical runs (Appendix 3A) was
estimated based on the approach developed by Raupach (1994) for a LAI of 2.5 and β=0.3. Thus,
the initial value of the roughness length for scalars, z0M =0.095m (see Table 3A.1), is calculated
) = 2 (see Physick and Garratt 1995). For the standard MOST runs (MXL+MSAD), we
as ln( zz0M
0H
used invariant (fixed) z0M and z0ϕ with values equal to their corresponding initial values, while
when including the RSL, we used stability dependent formulation for z0M and z0ϕ (Harman and
Finnigan 2007; 2008).

3.3

Model validation

3.3.1

Radiation and surface energy balance

We start our analysis by evaluating the modelling system to represent the observations of the
selected study cases. Figure 3.2a,b shows the observed and modelled components of the net radiation: downwelling (↓) and upwelling (↑) shortwave (SW) and longwave (LW) radiation fluxes
above the canopy (measured at 6 m above the canopy top). The various radiation components are
well reproduced by the model.
Figure 3.2c,d shows the four terms of the surface energy balance (Rn = SH + LE + G) for
both cases, respectively. The surface fluxes in the model are calculated from the differences
between the surface and the roughness sublayer (reference height) values of the mean quantities
and the transfer coefficients for momentum and scalars (see section 3.2.2, Eq. 3.2). While the net
radiation fluxes compare satisfactorily with the observations, the modelled daily averaged values
of SH and LE are overestimated: around 60 % and 20 % larger than the observed LE and SH,
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Figure 3.2: Observed and modelled radiation and surface energy balance components: (a) and
(b) diurnal evolution of downwelling shortwave radiative flux (SW↓), upwelling shortwave radiative flux (SW↑), downwelling longwave radiative flux (LW↓) and upwelling longwave radiative flux
(LW↑); (c) and (d) diurnal evolution of sensible heat flux (SH), latent heat flux (LE), the ground
flux (G) and net radiation (Rn) (all in W m−2 ). Observed quantities are measured at 6m above the
canopy top. LT is local time (UTC-7). Sunrise was at 06:30 LT and sunset was at 19:30 LT.
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Figure 3.3: Observed non-closure of the surface energy balance on 27 and 31 May 2007 during
the CHATS experiment.
respectively for both case studies (27 and 31 May 2007). The average daily difference in the
modelled and observed ground flux is up to 5 W m−2 . The diurnal variations in the observed LE
and SH are well captured by the model, for instance the rapid decay of SH towards the end of the
day relative to LE.
Our explanation of this overestimation is the frequently observed imbalance of the observed
surface energy system (Foken 2008b). This hypothesis is corroborated by an observed daily
average difference of up to -30 % of SH + LE + ∆Q s compared to Rn-G for the case of 27 May
and -20 % on 31 May (Fig. 3.3), even when the heat storage contribution (∆Q s ) is included in the
observed SEB (up to 5 % energy input in the total balance). The ∆Q s is the sum of the sensible
(∆Qa ) and latent (∆Qw ) heat storage in the air column (including the canopy space) below the flux
measurements by eddy-covariance (EC). The method used to calculate ∆Q s from the observed
potential temperature and specific humidity at the levels within and above the canopy, but below
the height of EC observations, is based on that described by McCaughey and Saxton (1988) and
later used in Oliphant et al. (2004). Note that presented G accounts for the heat storage in the soil,
as calculated following Oliphant et al. (2004). The heat stored in the biomass and the energy used
in the photosynthesis are neglected in our case, since according to Thom et al. (1975), Ohta et al.
(Ohta1999) and Jacobs et al. (2007) these two terms are negligibly small (less than 2 % of total
Rn). The values of the surface energy imbalance at CHATS are similar to those found by a number
of other observational studies, showing an average of up to 20 % surface energy imbalance, as
listed in section 3.7 of Foken (2008b). With regard to our own research, it is important to note
that related to this non-closure of the observed SEB, the observed SH and LE are too low, so the
modelled SH and LE are more likely to be the correct values.
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The comparison presented here confirms that our modelling system is capable of reproducing
the diurnal variations in radiation with sufficient accuracy. As in many other studies (see Foken
2008b), the observed surface energy balance remains not closed, but with the deviations of similar
magnitude as observed in other studies above high canopy.
3.3.2

CBL dynamics

Figure 3.4 shows the observed and modelled diurnal evolution of the boundary-layer height,
mixed-layer potential temperature and specific humidity for the case of 27 May 2007. The
boundary-layer height (Fig. 3.4a), h, increases during the morning hours from 350 m to up to
500 m at around 11:00 LT, after which h remains almost constant before it starts to decay at
around 14:00 LT. In the absence of data on the vertical profiles of potential temperature and specific humidity in the mixed layer and the entrainment zone, we are unable to judge whether this
more rapid growth until 11:00 LT is due to a progressive growth of the CBL into a residual layer
above the canopy (Ouwersloot et al. 2012). Since our aim is to study the RSL effects on CBL
dynamics, here we focus our analysis to the numerical experiments described above.
It is important to mention that h, as observed by the LIDAR backscatter data, is very sensitive to the morning-noon transition (08:00 - 10:00 LT) and late afternoon-evening (after 16:00
LT) transition conditions. This is due to possible non-uniform backscatter profiles, which can
contain multiple maximum gradients, impairing the ability of the automated method to retrieve h
(see Appendix 3C). Therefore, the accuracy of the observations of h is better under well-mixed
conditions (from 10:00 to 16:00 LT in our case). During this period, only the model runs that
take into account the subsidence and advective cooling (MXL+RSAD and MXL+RSA) capture
the evolution (relatively steady) of the h sufficiently well after the morning transition (Fig. 3.4a,
in connection with Table 1). This result implies a significant influence of the subsidence, and to a
lesser extent the effects of advective cooling, on boundary-layer growth for the given case. Figure
3.4a also shows that the effect of the RSL on the evolution of h is insignificant (MXL+RSAD vs
MXL+MSAD).
The role of the large-scale advective cooling on the CBL dynamics was also recorded through
the diurnal evolution of the potential temperature (Fig. 3.4b) at 29 m above the ground. The level
of 29 m is considered to be representative of the mixed-layer values, since it is either located
within the mixed layer or in the upper part of the surface layer, where deviations compared to
mixed-layer values are small. Therefore, we employ it as the most representative of the mixedlayer characteristics. Between 10:00 LT and 12:00 LT, a non-local advective cooling process
resulted in a slowdown in the increase of the potential temperature. We hypothesize that the
rapid temperature drop before noon is related to the advection of cold air, due to a sea-breeze
front, which is frequently observed around noon at the CHATS site (Mayor et al. 2011). We
took this process into account in our numerical experiment (MXL+RSA) by imposing a constant
advection of cold air between 10:00 LT and 17:00 LT (Table 3.1). The strength of the advective
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Figure 3.4: Temporal evolution of the observed versus modelled mixed-layer quantities on 27 May
2007: (a) boundary layer height (h) (b) potential temperature, <θ>, and (c) specific humidity,
<q>. Observations are denoted by black symbols. <θ>, and <q> are measured at 29 m above
the ground surface and h is obtained from LIDAR data (Mayor et al. 2011; Patton et al. 2011).
The numerical experiments are described in Table 3.1. Shaded areas in (b) and (c) indicate the
cooling and moistening periods of the atmospheric boundary layer.
cooling in the model was arbitrarily chosen to provide the best representation of the observed
mixed-layer quantities (Table 3A.1, Appendix 3A). As Fig. 3.4b shows, while taking only surface
forcings, entrainment processes and subsidence into account does not suffice to represent this case
(experiment MXL+RS), the potential temperature evolution is captured well if the advection is
taken into account (experiment MXL+RSA) as well.
Similar behaviour of the diurnal evolution of the specific humidity at 29 m above the ground
surface was observed (Fig. 3.4c). Here, the large-scale advective process is displayed by a significant jump in the magnitude of the specific humidity (from 7.9 g kg−1 to as much as 8.5 g kg−1 )
immediately after 10:00 LT. In the absence of observed specific-humidity profiles, we hypothesise that this increase in moisture content is due to an air mass transported by the sea-breeze front
coming from the bay area (east and southeast). It is also possible that during the morning transition this sudden change is caused by the existence of a residual layer, which becomes connected
to a growing shallow layer (Ouwersloot et al. 2012). However as mentioned before, since there
are no data to explain the latter, but also because main focus of this study is the effects of the RSL
on the CBL dynamics, we limited our analysis to the numerical experiments described above.
After this increase, q remains steady until the end of the day (17:00 LT). We related this behavior
of q after noon to the drying associated with the entrainment of free tropospheric (drier) air into
the boundary layer, which can be driven by returned flow over the complex topography (Bianco
et al. 2011). Based on the observed q in the hours after 11:00 LT, the transport of dry air from
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Figure 3.5: Temporal evolution of the observed versus modelled boundary-layer dynamics at 29
m above the ground surface: (a) mixed-layer wind direction, (b) calculated modulus of the mixedlayer wind speed, (c) mixed-layer wind speed components. Shaded area indicates the period when
the wind change occurs.
the free troposphere is dominant, preventing the rise in the specific humidity, which results in a
relatively constant value. The diurnal evolution of the specific humidity is well represented by the
model run that takes the subsidence, advection and drying from the free troposphere into accounts
(MXL+RSAD). On the other hand, the model runs which do not take the drying (MXL+RSA)
and the advection and drying (MXL+RS) into account overestimate the specific humidity after
11:00 LT.
The analysis presented in Fig. 3.4 shows that the complex boundary-layer structure at the
CHATS site is highly dependent on the large-scale effects, including subsidence, advective cooling and moistening, as well as entrainment of dry air from the free troposphere.
The observed diurnal variability of the wind enables us to further verify the role of the largescale forcing and the local canopy. Here, we compare the observed and modelled temporal evolution of the wind direction, individual wind speed components and absolute wind velocity (Fig.
3.5). The model is well able to represent the observed temporal evolution of wind, except for the
period between 10:00 and 11:00 PLT, when outliers are present in the observed wind components
(Fig. 3.5c) and, consequently, the wind direction (Fig. 3.5a). These outliers are associated with
the sharp changes in the wind forcing (northerly winds present between 10:00 and 11:00 LT), a
phenomenon observed daily before noon throughout whole campaign (based on observed time
series) (see also Zaremba and Carroll 1999). Combining the individual wind components closely
approximates the wind speed, which displays an almost constant acceleration during the day (Fig.
3.5b) and (after 11:00 LT) an almost constant friction velocity (see Figure 3.6c).
The results of the case study of 27 May 2007 are corroborated by those of the case study of
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Table 3.2: Calculated mean absolute error (MAE) of MXL+MSAD and MXL+RSAD numerical
runs with respect to observations. The values of the MAE are presented in units of the corresponding quantities; the values in brackets show the model percentage of the MAE values relative
to the daily means (between 08:00 and 17:00 LT) of the observed quantities respectively.

Mean observed
MXL+MSAD
Mean model
MAE
(%)
MXL+RSAD
Mean model
MAE
(%)

|U(zr )|
[m s−1 ]
1.45

C M (zr )
[-]
0.11

u∗
[m s−1 ]
0.44

θ(zr )
[K]
293.86

q(zr )
[g kg−1 ]
8.60

SH
[W m−2 ]
128.46

LE
[W m−2 ]
250.88

h
[m]
473.06

1.00
0.50
(34.90)

0.20
0.10
(88.75)

0.32
0.13
(31.30)

294.37
0.47
(0.16)

8.49
0.22
(2.62)

222.53
87.18
(67.82)

313.72
59.22
(23.60)

463.84
34.09
(7.18)

1.64
0.34
(24.06)

0.06
0.06
(41.53)

0.03
0.15
(34.20)

294.01
0.41
(0.24)

8.81
0.37
(4.41)

217.38
81.81
(63.68)

307.26
52.86
(21.07)

457.80
35.97
(7.60)

31 May 2007 (not shown), showing similar patterns and structure of the CBL dynamics in both
cases.
In summary, our modelling system is capable of reproducing the land-canopy-atmosphere
characteristics of the case studies with satisfactory accuracy at a height well above the canopy.
In the following section, we study the impact of the canopy on the boundary-layer state variables
within the roughness sublayer near the canopy top.

3.4

The wind in the RSL and effects on bulk momentum budget

Figure 3.6 shows the observed and modelled temporal evolution of the mean wind speed, drag
coefficient and friction velocity at the canopy top. The numerical experiment MXL+RSAD of the
coupled modelling system satisfactorily represents the evolution of the wind at this level, while
omitting the RSL effects (MXL+MSAD) results in underestimation of the wind speed (reaching
a daily average of up to 50 %; Fig. 3.6a). This is in agreement with previous studies based on
comparisons of observed and modelled wind profile (Physick and Garratt, 1995; Harman and
Finnigan, 2007). The main effect of the canopy is a modification of the drag. Omitting the RSL
effects (MXL+MSAD vs MXL+RSAD) results in significant overestimation of C M by a factor of
up to four (Fig. 6b), in accordance with the analysis provided by De Ridder (2010).
Both the MXL+RSAD and MXL+MSAD model runs, i.e., with and without the effects of the
RSL included, underestimate u∗ by about 20 % (Fig. 3.6c). Like Physick and Garratt (1995), we
found small RSL effects on the modelled friction velocity in the case studies (6 %). The similarity
between the friction velocities is due to compensating effects of the drag coefficient and the wind
speed modulus (Eqs. 3.2-3.6). Both C M and |U| are altered in opposite directions when the RSL
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Figure 3.6: Observed versus modelled modulus of the wind speed (a), momentum drag coefficient
(b), friction velocity (c) with and without the RSL effects (solid line and dashed lines, respectively)
at 10 m above the ground surface (equal to average tree heights, hc = 10 m). (d) Sensitivity of
the friction velocity (colour scale), roughness length for momentum (z0M [m], dashed line) and
boundary-layer height (h [m], full line) at 13:00 LT to changes in the values of β and Lc . The
black asterisk indicates the conditions for the case study of 27 May 2007.
representation is introduced (Eq. 3.4 and 3.5), with magnitudes that fit the observation (Fig.
3.6a,b), thus leading to a relatively unchanged u∗ (see Eq. 3.6, and Table 3.2).
Table 3.2 shows the overview of the performance of the two numerical experiments with and
without RSL representation (MXL+RSAD and MXL+MSAD, respectively) with respect to observations, as quantified by the mean absolute error (MAE). The numerical experiment with RSL
representation performs better than the numerical experiment that omits the RSL when representing the wind speed and the drag at canopy height. Both numerical experiments (MXL+RSAD
and MXL+MSAD) however underestimate the observed friction velocity. The small difference
in magnitude of the friction velocity between the experiments is due to use of different roughness
length and displacement height formulation: as stability dependent variables in MXL+RSAD,
and as fixed parameters estimated under neutral condition in MXL+MSAD. MXL+RSAD also
represents the potential temperature better than MXL+MSAD at the same level, but slightly over66

3.4. THE WIND IN THE RSL AND EFFECTS ON BULK MOMENTUM BUDGET

Figure 3.7: Budget of the mixed-layer wind speed components <|U|> based on different canopyflow forcing.
estimate the specific humidity (see Sect. 3.5). As expected, the largest MAEs are found for the
surface fluxes (e.g. ∼60 % MAE for SH with respect to the mean observed SH). Again, note that
the observed SH and LE are not the ’true’ surface fluxes since the energy balance is not closed
(Fig. 3.3).
In order to extend and generalise our results, we performed a parameter-space sensitivity
analysis on two stability-dependent scales in the RSL formulation: Lc and β (see also section
3.2.2). Figure 3.6d summarises the results of the sensitivity analysis at 13:00 LT. The variations
in β (0.25 6 β 6 0.4) and Lc (10 6 Lc 6 20 m) have a significant impact on z0M and u∗ , but
a relatively small impact on h. We find that u∗ is sensitive to the changes in β and Lc with a
maximum variation at 13:00 LT of up to 25 % (0.29 6 u∗ 6 0.37 m s−1 ) with respect to the case
study value (u∗ =0.32 m s−1 ) for the range of conditions investigated here. In our analysis, varying
these scales, dependent on stability (based on the CHATS data), results in h variation of up to 6
% (Fig. 3.6d).
We further extend our analysis of the impact of the canopy-related parameters on the atmospheric flow by studying their relative contribution to the momentum budget, compared to other
contributions, e.g. entrainment or geostrophic forcing (Appendix 3B). For this, we keep Lc equal
to 16 m and in the first experiment, we set β=0.25 (typical for more stratified conditions), while
in the second experiment we set β=0.40 (typical for unstable conditions). Varying Lc did not
yield relevant differences in the wind budget (not shown). Figure 3.7 shows that on average the
momentum tendency due to surface stress is approximately 25 % larger for β=0.40 than when
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β=0.25. This enhanced tendency is partially compensated for by an increase in geostrophic forcing through the whole day and, to a lesser degree, entrainment. This results in a similar total
momentum tendency in both cases.
Figure 3.7 also shows the tendencies of the three components of the total wind-speed budget
(Appendix 3B): surface forcing, the momentum entrainment, and the geostrophic forcing. The
surface forcing, combining the surface stress and canopy drag, always leads to a negative tendency
in the momentum, while entrainment from free-tropospheric air results in a positive tendency. In
the case under study, the tendencies of the ageostrophic components are also usually positive. The
resulting total momentum tendency is positive after 09:00 LT.
In summary, although the variation of the RSL scale β strongly affects the surface shear partitioning in the momentum budget, the total momentum tendency remains relatively unchanged
due to compensation by the geostrophic and entrainment contribution. This means that the imposed pressure gradient force, integrated over the boundary-layer depth is balanced by the surface
friction and momentum entrainment. Since the boundary-layer depth is similar between the both
runs, then pressure gradient force and momentum entrainment are altered to balance the differences in the surface shear between the runs.

3.5

Heat and moisture

The impact of the RSL on the potential temperature and specific humidity at canopy-top level and
their respective surface heat fluxes is presented in Fig. 3.8 and Fig. 3.9. Here, similar analyses
were performed as for momentum in the previous section. The modelled potential temperature
at this level is in good agreement with the observations. The suppressed increase in potential
temperature before noon is caused by the large-scale advective cooling that sets in after 10:00 LT.
The MXL+RSAD model run, including the RSL effects, performs better than the MXL+MSAD
with differences of up to 1 K. Furthermore, the sensitivity analysis performed by varying Lc and
β (section 3.2.2) shows that θ differs by up to almost 1 K at 13:00 LT for the selected sensitivity
ranges (Fig. 3.8b). For the same time, the sensible heat flux ranges between 302 and 306 W m−2
(or less than 2 % with respect to the case study value at 13:00 LT).
We find a slightly larger disagreement in the results for observed and modelled specific humidity at canopy-top level (up to 0.5 g kg−1 , or around 5 % with respect to the observed values).
An interesting feature of the observations is the small difference in the magnitude (no greater than
0.5 g kg−1 ) between 29 m above ground (Fig. 3.4c) and canopy top (Fig. 3.9a), but we were not
able to explicitly explain this small difference in q between these two levels. Like the potential
temperature, q is sensitive to Lc and β at 13:00 LT, with q ranging from 10.3 g kg−1 under unstable conditions to 9.0 g kg-1 under weakly stable conditions. The maximum variations in LE
for different Lc and β is around 34 W m−2 , or around 9 % with respect to the case study value at
13:00 LT (362 W m−2 ).
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Figure 3.8: (a) Temporal evolution of the observed versus modelled potential temperature, θ, with
and without the RSL effects at canopy-top level. (b) Effects of β and Lc on sensible heat flux (SH),
θ and roughness length for heat (z0H ) at 13:00 LT. The black asterisk indicates the conditions and
the results of the case study of 27 May 2007.
Finally, in the range of Lc and β investigated, we found that the effective displacement height
(dt ) can range from less than 1m to up to 3 m meters (Eq. 3.7, Fig. 3.9b). This significantly affects
the roughness lengths for momentum and scalars, since z0M and z0ϕ are directrly dependent on dt
and stability (Harman and Finnigan 2007; 2008; Zilitinkevich et al. 2008). These variations in
the displacement height and the roughness lengths (Fig. 3.6d and Fig. 3.8b) are the cause of the
variations in the surface fluxes (e.g. 2 % variation in SH and 9 % variation in LE).

3.6

Discussion

The interpretation of the CHATS height-dependent observations, employing a numerical model
that integrates various spatial-temporal scales relevant within the CBL, reveals that the diurnal
variability of the state variables above the orchard canopy is highly dependent on the contributions of local and non-local effects. Local effects are related to the land-canopy-atmosphere
exchange of momentum and energy, while the non-local effects are either driven by boundarylayer dynamics, such as entrainment, or by mesoscale phenomena, such as subsidence and/or
horizontal advection.
At meso-scales, as described by Hayes et al (1989), Zaremba and Carroll (1999), Bianco et
al (Bianco2011) and Mayor (2011) the CHATS site is strongly influenced by various interacting
mesoscale flows such as marine fronts and mountain-valley flows. Since this study focuses on
convective conditions, and following the classification suggested by Zaremba and Carroll (1999,
Table 3 and Fig. 4b,c), we studied two cases characterized by different mesoscale circulations: i)
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Figure 3.9: (a) Temporal evolution of the observed versus modelled specific humidity, q, with and
without the RSL effects at canopy-top level. (b) Effects of stability dependent β and Lc at canopy
top on sensible heat flux (LE), q and the effective displacement height (dt ) at 13:00 LT. The black
asterisk indicates the conditions and the results of the case study (27 May 2007).
a case with southerly dominant winds and ii) a day with northerly winds that veer south at around
noon. In both cases, the impact of the marine mesoscale flow coming from the San Francisco Bay
area (e.g. Zaremba and Carroll 1999, Fig. 7b,c) leads to a sudden decrease in the rate of growth
of the boundary-layer height (Fig. 3.4a). This yielded an almost constant h at around 500 m for
the case of 27 May (Fig. 3.4a) and around 650 m on 31 May (see supplementary material).
In the absence of detailed observations of the temporal evolution at the entrainment zone, we
are able to provide only first-order estimates of the large-scale effects relevant to our cases and
discuss their impacts on the budgets of potential temperature and specific humidity (Fig. 3.10).
The budgets of potential temperature (Fig. 3.10a) and specific humidly (Fig. 3.10b) enable us
to quantify the relevance of non-local versus local processes. Overall, surface and entrainment
are the main contributors to the variability of the potential temperature and specific humidity.
Besides these, the advective cooling and moistening process has a relatively large impact on
the corresponding budgets after 10:00 LT, when advection is employed to capture the observed
diurnal evolution of θ and q (Fig. 3.4b,c). The negative θ-tendency and positive q-tendency
due to advection in this analysis (the green solid lines in Fig. 3.10) corroborate the drop in
air temperature and increase in moisture which were observed over the Sacramento Valley flow,
characterised by southerly winds (Zaremba and Carroll 1999, Bianco et al. 2011).
Focusing now on the surface conditions, and on canopy scales, the representation of the RSL
has a large impact on the drag coefficients and mean gradients of the thermodynamic variables
within the RSL, and to a lesser extent to the surface fluxes. Our findings are in agreement with
those of Physick and Garratt (1995) and Maurer et al. (2013), and raise a potential paradox. Even
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Figure 3.10: (a) Temporal evolution of the observed versus modelled specific humidity, q, with
and without the RSL effects at canopy-top level. (b) Effects of stability dependent β and Lc at
canopy top on sensible heat flux (LE), q and the effective displacement height (dt ) at 13:00 LT.
The black asterisk indicates the conditions and the results of the case study (27 May 2007).
though surface fluxes inferred from gradient observations just above the canopy are affected by
roughness sublayer effects (Mölder et al. 1999; De Ridder 2010), the actual (modelled) fluxes are
only insignificantly different for the standard conditions (Lc =16 m and β=0.3). This is due to the
parameterization of the surface fluxes depending on both the drag coefficient and the difference
of the mean variable (Eqs. 3.2-3.3). As we showed (e.g. Fig. 3.6a,b), both are strongly affected
by the effects of RSL correction, but they compensate each other. The momentum flux is more
sensitive to the variations in Lc and β than the sensible and latent heat fluxes. This is due to
the boundary condition that relates the surface value to the atmospheric value. While a Dirichlet
boundary condition is applied to momentum (no wind at roughness height for standard MOST),
a Neumann boundary condition is required for potential temperature and specific humidity. T s
depends on the SEB (Sect. 3.2.2) and is determined as a function of the radiation, soil heat flux,
θ(zr ), q(zr ), raH and r s (see e.g. van Heerwaarden et al. 2009). Since θ(zr ), q(zr ), raH and r s
are altered by the RSL, T s and q s are affected as well, resulting in minor variations in the mean
gradient (see also Harman 2012, Fig. 4a,b) and therefore smaller variation in the surface flux
(Eq. 3.2). This is the reason why we found larger fluctuation in the friction velocity (25 %) for
different RSL scales (β and Lc ), compared to the much smaller variations in SH (2 %) and LE (9
%).
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3.7

Conclusions

By combining observations, collected at different heights above a walnut orchard canopy during
the Canopy Horizontal Array Study (CHATS), with model experiments performed incorporating
a land-vegetation-atmosphere model, we investigated the contributions of canopy and large-scale
atmospheric forcings on the diurnal variability of boundary-layer height, the evolution of mixedlayer properties and of canopy-atmosphere exchange of momentum, potential temperature and
specific humidity. We selected a representative day with southerly wind conditions for our study
to maximize the effects of the canopy fetch and compared it with another day ( wind veering
from northerly to southerly) characterized by less fetch influence. We pay particular attention to
determine the sensitivity of the surface fluxes and the boundary-layer evolution to changes in the
canopy adjustment length scale, Lc , and the ratio between the friction velocity and the wind speed
at the canopy top, β, which are relevant scales within the roughness sublayer.
On the bases of our findings, we reach the following conclusions:
• The investigated CHATS convective boundary layers are strongly affected by large-scale
processes such as advective cooling, subsidence and entrainment of dry and warm air from
the free troposphere. Quantifying these large scaling forcings by using the observations, the
coupled soil-vegetation-atmosphere modelling system satisfactorily represents the surface
fluxes and convective boundary-layer dynamics at the CHATS site.
• In our modelling framework, and in general in the coupled land-atmosphere models, the
representation of the surface fluxes is locked and controlled by the boundary conditions.
The sensible and latent heat fluxes are bounded by the surface available energy, and the
momentum flux is constrained by the pressure gradient and the entrainment of momentum,
the latter dependent on the boundary-layer growth. In consequence, adding a roughnesssublayer representation in the surface scheme of the model alters the partitioning of the
surface fluxes (e.g. sensible and latent heat) through the altered roughness length and displacement height. Specifically for our case studies, the canopy?s impact on convective
boundary-layer dynamics is relatively minor, due to its small effect on modelled surface
fluxes and the bulk boundary-layer properties well above the canopy (z > 2hc ). The tall
canopy however strongly affects the mean gradients and transfer coefficients within the
roughness sublayer. Thus, considering the roughness sublayer parameterization is important when comparing observations and large-scale model outputs of the mean quantities near
and just above the canopy.
• The sensitivity analysis on roughness sublayer scales, analysed through changes in Lc and
β, and their diabatic stability dependence, led to changes in the friction velocity (up to 25
%) and smaller variations in the sensible and latent heat fluxes (2 % and 9 % respectively),
leading to changes in the boundary layer height of up to 6 %.
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• Changes in β significantly impact the surface drag contribution to the mixed-layer momentum budget (up to 25 % variation for the given range of β). The altered surface momentum due to changes in β is compensated by changes in geostrophic forcing and entrainment resulting in a similar total momentum tendency.
• When interpreting the CHATS measurements above the canopy, the mesoscale advective
processes or subsidence play an important role in determining the convective boundarylayer dynamics. Analysis of the bulk potential temperature and specific humidity budgets
showed that the influence of the advection can be around one fourth of the total potential
temperature budgets.
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3A

Appendix: Mixed-layer model initial and boundary conditions

Table 3A.1: Initial and boundary conditions for model runs of 27 May 2007 (147 DOY) for the
CHATS experiment.
Variable

Description and unit

t
dt
lat
lon
DOY
hour

MXL model run
time domain [s]
time step [s]
latitude [deg]
longitude [deg]
day of the year
starting time of the model run [LT]

Advq
<u0 >
<v0 >
ug
vg
γu
γv

Boundary-layer dynamics
surface pressure [Pa]
boundary-layer height at 08:00LT [m]
large-scale vertical velocity [m s−1 ]
initial mixed-layer potential temperature [K]
initial temperature jump at the entrainment zone [K]
potential temperature lapse rate in free troposphere [K m−1 ]
advection of heat [K s−1 ] (hour > 10:00 LT)
initial mixed-layer specific humidity [kg kg−1 ]
initial specific humidity jump at the entrainment zone [kg
kg−1 ]
specific humidity lapse rate in free troposphere [kg kg−1 m−1 ]
(h > 500m)
advection of moisture [kg kg−1 s−1 ] (hour > 10:00 LT)
initial longitudinal mixed-layer wind speed [m s−1 ]
initial lateral mixed-layer wind speed [m s−1 ]
geostrophic longitudinal wind speed [m s−1 ]
geostrophic lateral wind speed [m s−1 ]
free atmosphere wind speed (longitudinal) lapse rate [s−1 ]
free atmosphere wind speed (lateral) lapse rate [s−1 ]

z0M

Roughness sublayer
initial roughness length for momentum [m]

P0
h0
ws
<θ0 >
∆θ0
γθ
Advθ
<q0 >
∆q0
γq
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Value

32 400
10
38.45N
-121.8E
147
147

102 900
350
5 × 10−5
286.5
1.5
0.017
0 (−3 × 10−4 )
7.6 × 10−3
2 × 10−4
0 (10−4 )
0 (10−4 )
0
1.5
0
4
0.03
0
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z0ϕ
Lc
β

initial roughness length for heat and moisture [m]
roughness-sublayer penetration depth [m]
roughness sublayer scaling parameter [-]

cc
α
Ts
wwilt
w2
wg
wfc
w sat
C1sat
C2re f
rsmin
rs soil min
LAI
cveg
T soil
T2
Λ
CG sat

Soil and vegetation
cloud cover [-]
albedo [-]
initial surface temperature [K]
wilting point [m3 m−3 ]
volumetric water content deeper soil layer [m3 m−3 ]
volumetric water content top sloil layer [m3 m−3 ]
volumetric water content field capacity [m3 m−3 ]
saturated volumetric water content [m3 m−3 ]
coefficient force term moisture [-]
coefficient restore term moisture [-]
minimum resistance of transpiration [s m−1 ]
minimum resistance of soil transpiration [s m−1 ]
leaf area index [m2 m−2 ]
vegetation fraction [-]
initial temperature top soil layer [K]
temperature deeper soil layer [K]
thermal conuctivity skin layer divided by depth [W m−2 K−1 ]
saturated soil conductivity for heat [W m−2 K−1 ]

0.095
16
0.3

0.07
0.15
291
0.171
0.26
0.26
0.323
0.472
0.132
1.8
110
50
2.5
0.9
290
289
6
−6
3.6 × 10

Table 3A.2: Initial and boundary conditions for model runs of 31 May 2007 (151 DOY) for the
CHATS experiment (similar to Table 3A.1; here, only the differences are presented).
Variable

Description and unit

h0
ws
<θ0 >
∆θ0
γθ
Advθ
<q0 >

Boundary-layer dynamics
boundary-layer height at 08:00LT [m]
large-scale vertical velocity [m s−1 ]
initial mixed-layer potential temperature [K]
initial temperature jump at the entrainment zone [K]
potential temperature lapse rate in free troposphere [K m−1 ]
advection of heat [K s−1 ] (hour > 10:00 LT)
initial mixed-layer specific humidity [kg kg−1 ]

Value

250
3.5 × 10−5
286.5
1.0
0.017
0 (−1.3 × 10−4 )
7.6 × 10−3
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∆q0
γq
<u0 >
<v0 >
ug
vg
γu
γv

initial specific humidity jump at the entrainment zone [kg
kg−1 ]
specific humidity lapse rate in free troposphere [kg kg−1 m−1 ]
(h > 500m)
initial longitudinal mixed-layer wind speed [m s−1 ]
initial lateral mixed-layer wind speed [m s−1 ]
geostrophic longitudinal wind speed [m s−1 ]
geostrophic lateral wind speed [m s−1 ]
free atmosphere wind speed (longitudinal) lapse rate [s−1 ]
free atmosphere wind speed (lateral) lapse rate [s−1 ]

2 × 10−4
0 (8 × 10−5 )
1
-2.5
0
-2(1.5)
0.08
0

Note that the values in the round brackets represent the prescribed changes in the model initialization depending on the boundary layer height (for γθ θ and γy ) (if h > 500 m) and the time after
10:00 LT (for the advection).

3B

Appendix: Momentum budget

Assuming that in the free troposphere the wind is in balance (equilibrium) between the pressure
gradients and Coriolis force, the budgets of the mixed-layer wind components are expressed by
the following equations:
d < u > (w0 u0 ) s − (w0 u0 )e
=
− fc (< v > −vg ),
dt
h
d < v > (w0 v0 ) s − (w0 v0 )e
=
+ fc (< u > −ug ).
dt
h
The modulus of the wind speed components then is:
< |U| >=

√
< u >2 + < v >2 .

(3B.1)

(3B.2)

(3B.3)

Combing the Eqs. (3B.1-3B.3), results in:

d<U>
1
(w0 u0 ) s
(w0 v0 ) s  
(w0 u0 )e
(w0 v0 )e 
=
<u>
+<v>
− <u>
+<v>
+
dt
< |U| >
h
h
h
h

h
i
+ fc < v > (< u > −ug )− < u > (< v > −vg ) ,
(3B.4)
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where:
d<U>
dt is the total wind speed tendency;
1
<|U|>



< u >

(w0 u0 ) s
h +

< v >

(w0 v0 ) s
h


is the surface forcing (due to surface stress and canopy

drag);
1
<|U|>
1
<|U|>




− <u>

(w0 u0 )e
h +

<v>

(w0 v0 )e
h


is the entrainment forcing;

h
i
fc < v > (< u > −ug )− < u > (< v > −vg ) is the geostrophic forcing.
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Figure 3C.1: REAL backscatter data (in dB) on 27 May 2007 at 19:00:09 UTC (12:00:09 LT),
plotted in height (y-axis) and distance from the LIDAR (x-axis), and for several elevations.

3C

Appendix: Estimating the boundary-layer height from LIDAR data

To calculate the boundary-layer height observed during the CHATS experiment (Patton et al.
2011), we make use of the NCAR Raman-shifted Eye-Safe Aerosol Lidar (REAL) backscatter
signal data. The application of REAL at CHATS experiment, its purpose and operational characteristics in the campaign are presented in Patton et al. (2011). Here we describe the algorithm
employed to calculate the boundary-layer height using the above mentioned data.
The automatic method to calculate the boundary-layer height, which is presented in this document, is based on the method of the height of the maximal vertical gradient of the aerosol backscatter profiles (Endlich et al. 1979). The steps of the algorithm are presented below.
• Visualisation of the two-dimensional (elevation-height) backscatter data
The data is stored as two-dimensional arrays (distance from the LIDAR, elevation). Each of
the 175 arrays (175 elevations) for certain time-period (around 11 seconds) has 4200 signal cells
with equidistant spacing of 1.5 meter. To construct profiles of the signal in height and distance
from the LIDAR, the data is transferred from polar coordinates to Cartesian coordinate system
(Fig. 3C.1).
• Retrieving the backscatter vertical profiles
Two methods of retrieving the profiles from the raw backscatter data are used and compared: i)
using a single profile at 50 per cent of the distance (i.e. at 2 500 m), or ii) calculating an average
profile from the profiles within a certain range. We averaged all the profiles between the 1000th
and 2000th cell (in total 1000 profiles). Figure 3C.2 shows a typical example using both methods.
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Figure 3C.2: Retrieved profiles from the raw data at the same date and time as presented in Fig.
3B.1
The single-half-way profile retrieved from i) shows larger fluctuations than the averaged profile. However, in order to eliminate and filter out short-range fluctuations, both aerosol backscatter
profiles are smoothed in the next step.
• Smoothening the vertical profile
A moving average window, using five data points (three data points under stable conditions), is
used to filter the large fluctuations in the profiles (Fig. 3C.3).
• Calculating the derivative of the backscatter (vertical)
The smoothed profiles of the raw backscatter signal indicate the layer of the maximal gradient.
In our example, the maximum gradient height is between 400 and 600 m. To calculate more
precisely the location of the maximal gradient, we calculate the vertical derivatives of the signal
elements in the smoothed profile array. More specifically, we take the derivate of every fifth
element in the array, with respect to the previous fifth element, rather than taking the derivative
of every second element along the array. This gives us a profile of the derivatives (vertical) of the
smoothed backscatter profile with peaks at half of the distance between five elements within the
array (Fig. 3C.4a). We do this in order to prevent erroneous maximal gradients from the strong
and sharp local differences (gradients) in the data.
• Finding the height of the maximal gradient (negative) in the smoothed profile
The height of the largest negative gradient is the height of the boundary layer for the corresponding profile (at that moment in time). Since we do not consider the positive gradients, we set them
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Figure 3C.3: Smoothing the profiles of the backscatter signal (dB) using the moving-average
method taking eight data-points average in the smoothing, for both, single (left) and averaged
(right) profiles. Note that the profiles are the same as presented in Fig. 3C.2, here divided into
two panels.
all equal to zero (Fig. 3C.4b). We then find the negative maximum in the derivative profile (Fig.
3C.4b), and the height where this maximum occurs (BL-height). Finally, in order to check if the
height of the maximal gradient is consistent with the negative slope in the smoothed backscatter
profile, we plot the line of the BL-height and visualize where it crosses the profile (Fig. 3C.4c).
The latter is visual confirmation (check) of the found BL-height.
• Plotting the heights of the maximal gradients (BL-height) in time (evolution)
In order to find the temporal evolution of the BL-height, we repeat the above procedure for
all the lidar-scans in time. Here, we present the diurnal evolution of the BL-height for the 27th of
May 2007 (147th Julian day) (Fig. 3C.5). We take this example because it was characterized by
southerly winds, ensuring the largest fetch above the CHATS orchard.
Note that this method is valid for standard (typical) profiles of the backscatter. It is sensitive to
atypical profiles (e.g. Fig. 3C.6), disrupted by advection effects that bring layers of aerosols with
different characteristics, or for cases with a strong residual layer (e.g. morning-noon transition).
Figure 3C.5 shows an example in which the method described above has limitations. Figure 3C.6
shows the aerosol concentration in distance and height. There are two heights at which the layers
exhibit a sharp negative slope. The first is within the first 100 m and the second is between 300
and 400 m. Since from this profile it is difficult to conclude where the BL-height should be,
the method deals with this problem by choosing one of the two large maxima, which may not
represent the true BL-height. This is illustrated in Fig. 3C.6; between 13:00 – 15:00 UTC (06:00
– 08:00 Local Time) we evaluated very high and very low values for the BL-height.
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Figure 3C.4: (a) Profile of the vertical derivative of the smoothed backscatter data; (b) the maximal negative gradient; (c) the boundary-layer height based on the smoothed profile for 27 May
(19:00:09 UTC or 12:00:09 LT).
In this case, the aerosol backscatter does not exhibit a regular profile, so the method to calculate the BL-height can lead to erroneous results. One possible solution would be to take the
average height of both maxima, including the large fluctuation in the calculation as uncertainty
(not shown).
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BL−height from CHATS LIDAR data (27 May 2007)
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Figure 3C.5: Temporal evolution of the boundary-layer height calculated from the CHATS LIDAR
backscatter data for 27 May 2007.

Figure 3C.6: REAL backscatter data (in dB) on 31 May 2007 at 14:00:46 UTC (07:09:46 LT),
plotted in height (y-axis) and distance from the LIDAR (x-axis), and for several elevations.
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4

Combined effects of deposition, entrainment
and chemistry on the ozone budget over an
orchard canopy
The interaction between a tall vegetative canopy and the atmosphere can influence the ozone
(O3 ) budget due to changes in the distribution of sources and sinks of O3 and the canopy’s influence on boundary layer dynamics. To investigate these complex interconnected processes, first
a comprehensive set of measurements is required. Here, we make intensive use of the observations collected at a mature walnut orchard during the Canopy Horizontal Array Turbulence
Study (CHATS) near Dixon, California. The CHATS dataset consists of detailed micrometeorology and gas concentration profiles taken at different heights along a 30 m tower during
spring, 2007. This dataset gives the possibility to analyze in detail the different behaviour of
state variables and reactants in and above the canopy. More specifically, we calculate the diurnal variability of the vertical fluxes of ozone and the impact of dry deposition, entrainment,
advection and chemistry on the O3 -budget. As no fluxes of gases were directly observed during
CHATS, dry deposition rates were calculated from vertical fluxes derived from the observed
concentrations within and above the canopy. We calculated fluxes of O3 , NO, NO2 and their

This Chapter is a manuscript in preparation with (co)authors: Jessica Brown (Wageningen University), Maarten
Krol (Wageningen University), Thomas Karl (University of Innsbruck), Arnold Moene (Wageningen University), Huug
Ouwersloot (Max-Planck Institute for Chemistry) and Jordi Vilà-Guerau de Arellano (Wageningen University).
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deposition rates using four different methods above and below the canopy top. We apply a
method which explicitly includes the effects of tall canopy on the flux-gradient relationships
above the canopy, as well as a method considering non-local transport processes within the
canopy. Following the calculation of deposition rates, a zero-dimensional mixed-layer model
was used to study the diurnal variability of O3 in the mixed layer above the canopy at CHATS.
This mixed layer model integrates aspects of the O3 budget: deposition, entrainment, advection and ozone production due to chemistry. We found that the omitting the roughness sublayer
effects in the ozone flux retrieval may lead to 50 % smaller diagnosed deposition velocities.
This may further ledd to a 16 % (diurnal average) overestimation in the mixed layer ozone
budget and up to 9 % variation in NO x (=NO+NO2 ) budget. Reproduction of the observed
NO2 /NO ratio and photostationary state, for the studied case, required high levels of VOCs
combined with positive advection of NO x , and negative advection of ozone over CHATS. The
ozone budget closure analysis implied a strong influence of chemistry and horizontal advection processes on the diurnal ozone variation at CHATS. Due to a lack of VOC measurements
however, a more detailed quantification could not be provided. The analysis however showed
that the effective exchange of reactants (e.g. ozone) in the roughness sublayer (quantified by
the deposition velocity of ozone), is strongly affected by the presence of the high vegetation.

4.1

Introduction

The contribution of both chemical and dynamic processes to the total budget of these reactive
compounds in the convective boundary layer can be often of similar order (e.g. van Stratum et al.
2012) and therefore should be studied in an integrated manner (Vilà-Guerau de Arellano 2003).
Moreover, the emission or deposition of the chemically reactive compounds at the Earth’s surface
can be of a similar magnitude to the entrainment at the boundary-layer top (Ganzeveld et al. 2008;
Vilà-Guerau de Arellano et al. 2011). The presence of tall vegetation complicates the picture
further, because high vegetation can alter the surface energy balance (e.g. Foken 2008b), the
emission of volatile organic compounds (e.g. Karl et al. 2004), and turbulence properties within
the boundary layer (Harman 2012). In addition, the vertical distribution of certain species in the
convective boundary layer can be altered by conditions such as surface heterogeneity (Ouwersloot
et al. 2012). As such, the presence of a tall canopy and the changes in its conditions due to factors
such as drought stress may play an important role in determining the budget of reactive species.
In this study, we aim to investigate the combined effect of dynamics and chemistry on the diurnal
evolution of ozone (O3 ) within the boundary layer above a relatively tall and sparse vegetative
canopy. More specifically, we seek to investigate the influence of high vegetation on vertical
turbulent fluxes of reactants within and above the canopy and their effect on the O3 budget.
Ozone is a principal component of photochemical smog, and can cause damage to surfaces,
plants and human health (Griffin et al. 2007). O3 is produced by photochemical reactions of
NO x and volatile organic compound (VOCs) (Fuentes et al. 2000; Jacobson 2005; Seinfeld and
Pandis 2016). VOCs (e.g. isoprene, terpenes) are commonly emitted by plants as a response
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to stress factors such as temperature or herbivory (Loreto and Schnitzler 2010). Apart from
being an O3 precursor, rapid gas-phase reactions between VOCs and O3 within the canopy can
quickly deplete ozone close to the surface, which leads to an apparent deposition flux (Goldstein
et al. 2004). Moreover, O3 concentrations are influenced by the stomatal uptake of vegetation
(Fares et al. 2012). The presence of a tall canopy not only influences the O3 budget through the
emission of VOCs and deposition of O3 but also changes the turbulent mixing. This is due to
the altered turbulent mixing at the canopy-atmosphere interface (Raupach et al. 1996), which is
driven by air movements characterized by sweeps and ejections (Finnigan et al. 2009; Dupont and
Patton 2012a). The layer in which the turbulence structure is strongly influenced by the individual
roughness elements is called the roughness sublayer (RSL). The altered turbulent mixing in the
RSL leads to an enhanced turbulent transport relative to transport predicted by standard eddy
diffusivity surface-layer theory (Iwata et al. 2010; Shapkalijevski et al. 2016).
To investigate the relationship between O3 , plants, dynamics, and chemistry we use the observations gathered during the Canopy Horizontal Array Turbulence Study (CHATS). The CHATS
campaign was undertaken in spring 2007 in central California. The aim of this campaign was to
obtain a dataset that helps in understanding vegetation, atmosphere, and land surface interactions
(Patton et al. 2011). The CHATS dataset includes detailed vertical profiles of micrometeorological variables and trace gas mixing ratios. As no gas fluxes were directly observed at the CHATS
site, and fluxes of O3 are required in the O3 budget, we use the several methods to calculate fluxes
of species within and above the canopy relevant to the O3 budget. Thus, the first objective of
this study is to investigate and quantify the effects of a tall canopy on calculated gas fluxes from
observed concentration profiles in and above the canopy. We calculate the fluxes of O3 , NO and
NO2 using three variations of the flux-gradient method, including one method which specifically
accounts for the effects of the high vegetation on the atmospheric flow. The flux-gradient method
is fundamental for observations and modeling of turbulent surface fluxes (Iwata et al. 2010). It
is essential for calculating fluxes of reactive gases for which the availability of fast-response analyzers limits the use of the eddy-covariance approach (Rannik et al. 2004). Since the turbulence
within the canopy often has a non-diffusive character (driven by non-local effects, (e.g. Denmead
and Bradley 1985; 1987)), contrary to the assumption in the flux-gradient method, we also use the
Lagrangian framework to retrieve the gas fluxes from the in-canopy concentration profiles via the
inverse localized near-field theory (Raupach 1989a). Moreover, since during the CHATS campaign the orchard was irrigated, we further discuss the effects of changes in canopy conditions
due to water stress on the exchange of ozone within and above the canopy.
To integrate the effects of chemistry and dynamics on the O3 budget we use a soil-vegetationatmospheric mixed-layer model (van Heerwaarden et al. 2009) coupled to a range of chemistry
schemes (Vilà-Guerau de Arellano et al. 2009; Ouwersloot et al. 2012). Our objective here is to
reproduce the O3 budget over the CHATS site and to quantify the contributions of each of the main
processes that drive the diurnal O3 budget (deposition, entrainment, chemistry, large (meso) scale
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processes). By using the CHATS observations, we reproduce the boundary layer development
during daytime condition for one representative day (Shapkalijevski et al. 2017) and attempt to
reconstruct the chemical production and loss using a relatively simple chemistry scheme.
This paper is structured as follows: section 4.2 describes the CHATS site, data treatment, and
the methods and formulas to infer fluxes from observed mean gradients. Section 4.3 describes the
mixed-layer model, the case study and the budget equations of the boundary-layer state variables
and reactants (e.g. O3 ) within the mixed-layer model. In section 4.4, we present and discuss the
general characteristics of the CHATS campaign, with emphasis on the differences in the chemistry
pre- and post-irrigation. Section 4.4 also includes the results of the gas flux calculations. Next, we
present the O3 budget for our case study in section 4.5 and discuss the contribution of deposition,
entrainment and chemistry. In section 4.6, we conclude the paper by summarizing the main
findings.

4.2

Methods

4.2.1

Observations and data treatment

The CHATS experimental site was a mature walnut (Juglans regia) orchard near Dixon, California. The trees were located roughly 7 m apart with an average height of 10 m (Patton et al. 2011).
The cumulative leaf area index (LAI) was continuously measured throughout the campaign and
ranged from 0.7 prior to leaf-out to 2.5 following leaf-out ( m2 plant area per m2 ground area).
The campaign took place in spring 2007 over three 4-week phases (Patton et al. 2011). This
study will focus on the 3rd phase, which follows leaf-out, and during which chemistry observations were taken. During this 3rd phase, the orchard was irrigated in a rotating fashion, with
a complete irrigation cycle taking six days (Patton et al. 2011). The observations can then be
grouped into pre irrigation (13 to 21 May) and post-irrigation (26 May to 5 June).
The instrumentation was distributed between two main locations: a 30 m vertical tower and a
horizontal array of five 12 m towers (Patton et al. 2011). This study will focus on observations
from the 30 m vertical tower, which was located near the northern boundary of the orchard. This
tower had 13 measurement levels for observing micrometeorological and turbulence quantities;
six above the canopy, six below the canopy top and one at the canopy top (at 10 m from the
ground surface). At these 13 primary measurement levels wind components and temperature
were observed at 60 s intervals and relative humidity at 2 s intervals (Patton et al. 2011). Mean
vertical profiles of different gases were observed at six heights (1.5 m, 4.5 m, 9 m, 11 m, 14 m and
23 m) at 30 minute intervals. Mixing ratios of O3 , NO, NO x , NOy , CO2 and H2 O were observed,
as well as mixing ratios of five VOCs (Volatile organic compounds). The VOCs were Acetone,
Benzene, Toluene, Monoterpenes and Methyl Salicylate (MeSA) (Karl et al. 2008).
In addition to observations from the 30 m tower, radiation and soil observations were also
used. Above canopy broad spectrum upwelling and downwelling radiation was observed at 16
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m, while sub-canopy radiation forcing was observed at 2 m. Soil properties such as soil moisture, heat capacity, and heat flux were collected at 0.05 m depth. Detailed information about the
campaign setup, site description and instruments used can be found in Patton et al. (2011).
30 minute averages of the mixing ratios were used to create daytime diurnal averages of each
species, for both the pre and post irrigation period. These diurnal patterns were averaged between
10:00 to 17:00 LT. Micrometeorology observations were used as 30 min. averages.
4.2.2

Inferring gas fluxes

In general, K-theory is used to calculate fluxes of compounds when fast (eddy covariance) measurements are not available (e.g. Cellier and Brunet 1992). It is a parameterization, which relates
the vertical flux of a compound, Fc ≡ w0C 0 , to its mean profile, C(z), via the turbulent transfer
coefficient for scalars, KC :
∂C(z)
w0C 0 = −KC (z)
.
(4.1)
∂z
Since no vertical fluxes of reactive gases were observed during CHATS, they were calculated from
the observed vertical mixing ratio profiles within and above the canopy by using and comparing
different adoptions of the flux-gradient method. In this study, transfer coefficients for the vertical
fluxes of O3 , NO, and NO2 were calculated using four different methods: LOCAL (using observed
heat fluxes and potential temperature gradients to calculate KC in Eq. 4.1, MOST (using MoninObukhov similarity theory (Högström 1988) above the canopy to parameterize KC in Eq. 4.1),
MOST+RSL (using roughness sublayer parameterization (Harman and Finnigan 2007; 2008)
to calculate KC above the canopy) and ILNF (Inverse Localized Near-Field Lagrangian method
within the canopy (Raupach 1989a)). Below these four methods of flux calculation are described
in more detail.
LOCAL
To calculate the vertical flux, the LOCAL method uses Eq. 4.1 together with observations of the
vertical flux of the potential temperature, w0 θ0 , and the potential temperature gradients, dθ/dz,
to calculate KC , assuming that the exchange coefficients of gases (reactive gases in our case) are
equal to the exchange coefficients for heat: KC = KH = −w0C 0 /[dC/dz]. To calculate the gradient
of scalars used within the LOCAL method, the profile of each scalar was fitted to the curve
y = a + b ln (z) + c ln (z)2 , using fitting parameters a, b and c. This also allowed the interpolation
of mixing ratios and gradients at heights where no observations were taken.
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MOST
Using the Monin-Obukhov Similarity theory (Monin and Obukhov 1954), KC can be described
as:
κ (z − d) u∗
,
(4.2)
KC (z) =
φH (ζ)
where κ is the von Kármán constant, u∗ is the friction velocity, φH is dimensionless universal
stability function of heat (Högström 1988), and stability ζ = (z − d)/L, where L is the Obuhkov
length (e.g. Stull 2009). The stability function for heat is used as it is assumed that chemical
species follow this function; z is the height from the ground surface, and d is the displacement
height. The displacement height at the CHATS site following leafout is estimated to be 7.5 m
(Shapkalijevski et al. 2016). The MOST method assumes horizontally homogeneous flow and
far-field diffusion (Simpson et al. 1998). When considering Eq. 4.2 and integrating Eq. 4.1
between two heights (Moene and Van Dam 2014), the vertical flux becomes:
FC =

κ u∗ [C(z2 − d) − C(z1 − d)]
−d
) + ψH (ζ1 ) − ψH (ζ2 )
ln ( zz12 −d

,

(4.3)

where ψH is the integrated form of φH . The forms of φH and ψH used in this study are based on
Högström (1988) and Paulson (1970).
While over a homogeneous and smooth surface gradients in the surface layer follow MOST
and can be described by a universal function of atmospheric stability alone, these relationships
break down above rough surfaces such as tall vegetative canopies (Thom et al. 1975; Raupach
1979; Garratt 1980; Chen and Schwerdtfeger 1989; Simpson et al. 1998; Shapkalijevski et al.
2016). This is due to the altered turbulence structure and mixing at the canopy vicinity of the
roughness sublayer (RSL) (Raupach et al. 1996; Finnigan et al. 2009). This modification is
discussed next.
MOST+RSL
To correct the standard similarity flux-gradient relationships for the presence of the RSL, we
followed the method outlined in Harman and Finnigan (2007: 2008). The RSL corrections are
based on the inclusion of additional function, φ̂H (ζ, δω ), to Eq. 4.2:
KC (z) =

κ (z − d) u∗
,
φH (ζ) φ̂H (ζ, δω )

(4.4)

where δω is the vorticity thickness, a characteristic length scale in the RSL representing the length
of the turbulent mixing eddies formed at the canopy-atmosphere interface due to the presence of
an inflection point in the mean wind at canopy top (Finnigan et al. 2009). Mathematically, δω is
defined as the ratio between the mean horizontal wind speed and its gradient at the canopy top
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(δω = u/[du/dz]) (Raupach et al. 1996; Harman and Finnigan 2007), and is dependent on canopy
density and atmospheric stability. For sparse canopy under near-neutral conditions, Raupach et
al. (1996) found that δω ' 0.5hc . This was corroborated by observations of the wind speed and
its gradient during the CHATS experiment following leaf-out for the majority of stability classes
(from near unstable to near stable) (see Fig. 5 in Shapkalijevski et al. 2016). By including Eq.
4.4, the integrated version of Eq. 4.1 then becomes:
FC =

κ u∗ [C(z2 − d) − C(z1 − d)]
−d
ln ( zz12 −d
) + ψH (ζ1 ) − ψH (ζ2 ) − ψ̂H (ζ1 , δω ) + ψ̂H (ζ2 , δω )

.

(4.5)

The function ψ̂H (ζ, δω ) is the highly non-liner integral function of φ̂H (ζ, δω ) solved by numerical
integration (see Harman and Finnigan 2007; 2008).
Inversed Localized Near-Field (ILNF) method
Within the canopy, it is well known that the turbulent transport of scalar quantities (e.g. heat,
water, CO2 , pollutant gases) within the canopy is a combination of both diffusive (local) and
non-diffusive (non-local or remotely driven) processes due to the changes in turbulence structure
near and within rough surfaces (Raupach 1989a; Finnigan et al. 2009). To include these effects,
Raupach (1989a) proposed the inversed localized near-field (ILNF) theory to combine the influence of near-field and far-field turbulent transport due to both local and remote sources. This
method differs from the previous ones in the sense that the flux-gradient methods above assume
that turbulent transport is only diffusive (local). In the ILNF method, the source profile, S (z), is
related to the observed mixing ratio profiles C(z) via a dispersion matrix Di j :
Ci − Cr =

m
X

Di j S j ∆z j

(4.6)

j=1

where Ci is the measured mixing ratio of a scalar quantity within and above the canopy at certain
level i (i = 1, 2, .., n), and at certain moment in time, relative to the uppermost measured reference
mixing ratio, Cr , above the canopy. The index j refer to levels of the scalar source/sink distribution
within the canopy ( j = 1, 2, .., m)), which are different than the levels of the concentration profiles
(see Fig. 7 in Raupach 1989a). n and m represent the number of mixing ratio and flux levels
respectively, with the condition that m < n. This dispersion matrix Di j is a property of the
vertical velocity variance, σw , and the Lagrangian integral time scale T L . Both σw and T L are
parameterized by Raupach (1989a) using empirical functions. For the purpose of this study, we
adjusted the coefficients of these functions by using the CHATS observed profiles of σw and T L .
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By solving Eq. 4.6 for S i , the flux of a scalar can then be found via:
F(z) =

Z

z

S (z) dz

(4.7)

0

An important improvement of this method is that it can account for counter-gradient fluxes (Denmead and Bradley 1987; Raupach 1989a). Detailed information about the ILNF theory can be
found in Raupach (1989a). The ILNF method of flux calculation was used to calculate fluxes at
2, 4, 6 and 8 m within the canopy.
The LOCAL method was used to calculate the gas fluxes within and above the canopy. The
MOST and MOST+RSL were used to calculate the gas fluxes only above the canopy, while the
ILNF was used only within the canopy. The fluxes of O3 , NO and NO2 were inferred from
the mixing ratio observations averaged between 10:00 to 17:00 LT for pre- and post-irrigation
periods, as well as on 27 May 2007 (147th Julian day of 2007), our case study day. Only fluxes
on 27 May 2007 were calculated using the ILNF method were inferred from the mixing ratio
observations averaged between 10:00 to 17:00 LT.

4.3

Modelling the ozone budget

4.3.1

Model and case study

In this study the temporal evolution of O3 budget for a representative day at CHATS was calculated by combining modelling and observations. The atmospheric model used here was the zerodimensional mixed-layer model (Lilly 1968; Betts 1973; Tennekes and Driedonks 1981). The
mixed-layer model was coupled to a surface soil-vegetation scheme to account for the surface
momentum and energy forcing in the CBL system (van Heerwaarden et al. 2009). In addition,
a relatively simple chemical scheme was introduced to the mixed-layer model to simulate chemistry within the boundary layer (Vilà-Guerau de Arellano et al. 2009; Ouwersloot et al. 2012; van
Stratum et al. 2012). The model is called MiXed-Layer CHemistry model (MXLCH). Recently,
Shapkalijevski et al. (2017) introduced the RSL effects in the surface scheme of the MXLCH
model to study the effects of relatively tall and sparse orchard canopy on the CBL dynamics during CHATS. Here, by extending the case study on the mixed-layer thermo(dynamics), we use the
MXLCH-model to study the combined effects of deposition, entrainment and chemistry on the
ozone budget over the CHATS canopy.
The MXLCH-model solves the temporal evolution of the mixed-layer variables of the thermodynamic and chemical species together with an equation for the boundary-layer height and the
jump of the mixed-layer quantity in the free troposphere (see Eq. 4.10). The governing prognostic
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equation of the mixed-layer ozone reads:
0
0
∂hCO3 i
∂hCO3 i (w0CO3 ) s − (w0CO3 )e
∂hCO3 i
=
+ hS O3 i − (u
+v
)
∂t
h
∂x
∂y

(4.8)

and describes how the mixing ratio of O3 changes over time in the well-mixed boundary layer
(e.g. Vilà-Guerau de Arellano et al. 2015). The first two terms on the right hand side of the
"=" are the surface flux and the entrainment ozone flux into the boundary layer at height h. The
third term is the chemical production or loss of O3 due to chemical reactions, while the last term
represents horizontal advection of O3 in the boundary layer.
The mixed-layer assumptions only hold during diurnal convective conditions in which the
conserved boundary-layer state variables (Lilly 1968; Tennekes and Driedonks 1981) and the
reactants (Ouwersloot et al. 2012) are characterized by vertical profiles that are constant with
height. Therefore, we focus here on the O3 daytime variability. This case-study day (147 DOY)
was chosen based on the dominant winds from the south, meaning best fetch over the orchard
canopy, leading to a well-developed RSL (see Chapter 3). To complete the O3 budget on Day 147,
simultaneously the (thermos)dynamics of mixed-layer potential temperature, specific humidity,
wind speed and the boundary layer height were simulated (see Chapter 3 for details). Since the
h included in Eq. 4.8 was initialized and well represented by the mixed-layer model for our
case study in Chapter 3, we focus here on explaining the other terms in the ozone budget related
to the boundary conditions (surface and entrainment fluxes), chemistry, and the advection. In
the following sections (4.3.2 – 4.3.5) each of the processes represented in Eq. 4.8 is explained,
including a description how they are incorporated in the MXLCH model.
4.3.2

Entrainment

The entrainment of O3 from the free troposphere into the boundary layer is represented through
the term (w0CO0 3 )e . Ozone entrainment in the MXLCH model is modelled as a product between
the entrainment velocity, we , and the difference in the mixing ratio of O3 in the free troposphere
and in the mixed-layer (∆CO3 = CO3FT − hCO3 i) with a negative sign (e.g. Vilà-Guerau de Arellano
et al. 2015):
(w0CO0 3 )e = −we ∆CO3 .
(4.9)
we is linked to the growth in boundary-layer height (Vilà-Guerau de Arellano et al. 2015). At the
top of the mixed layer,
∂CO3FT
∂∆CO3
∂hCO3 i
∂hCO3 i
dh
=
−
= γO3 ( − w s ) −
,
∂t
∂t
∂t
dt
∂t

(4.10)

where w s represents the subsidence velocity (see Chapter 3) and γO3 is the free tropospheric lapse
rate for O3 . Note that similar equations as Eqs. 4.8 – 4.10 hold for the mixed-layer thermos91
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dynamical variables (potential temperature, specific humidity, wind velocity) and other ’passive’
(e.g. carbon dioxide) or ’active’ (e.g. NO, NO2 , VOCs) atmospheric constituents(Vilà-Guerau de
Arellano et al. 2015).
4.3.3

Dry deposition

The second term in Eq. 4.8, (w0CO0 3 ) s , defines the lower boundary in the MXLCH, and represents
the surface exchange of ozone. Dry deposition refers to loss of O3 through physical contacts
with surfaces. A major pathway of O3 deposition is deposition through the stomata, with other
pathways being deposition onto surfaces such as leaf cuticles or the soil (Fares et al. 2012). In
the MXLCH, and from theoretical perspective, the relation between the effective surface fluxes of
O3 , FO3 in the surface layer (assumed constant in height) and the ozone (reactants) mixing ratio,
CO3 at specific reference height zr is:
FO3 = (w0CO0 3 ) s = vd (zr ) CO3 (zr ).

(4.11)

Large-scale atmospheric models use a deposition velocity in combination with the concentration
in the lowest grid box (typically with a height of 25 m) to calculate the deposition flux of ozone.
As such, vd represents the combined effects of aerodynamic resistance, diffusion, and uptake
by soil and/or vegetation (Wesely and Hicks 1977). In our application, we evaluate the heightdependent deposition velocity using Eq. 4.11. The measured profiles of the ozone mixing ratios
and the derived ozone flux profiles can be used to derive a height-dependent vd profile. This
profile depends on the way fluxes are derived from the mixing ratios and thus differs for LOCAL,
MOST, and MOST+RSL. To study the potential effects of the RSL parameterization on vd and
hence on calculated deposition fluxes in large scale models, we evaluate vd at 2.5 m above the
canopy and apply this value in the MXLCH model. The height of 2.5 m above the canopy is a
typical altitude for conducting measurements and is the typical altitude of the center of a grid box
in large-scale models (12.5 m above the surface).
Appendix 4B presents an example for the derived ozone deposition velocity. Using the available observations, we use diurnally averaged vd values evaluated at 2.5 m above the canopy for
O3 , NO, and NO2 .
4.3.4

Chemistry

Chemical production and loss within the boundary layer is represented in Eq. 4.8 by S O3 . The
chemistry scheme in MXLCH that we use in our experiment has moderate complexity and has
been shown to capture well the majority of the relevant chemical pathways in the formation of
ozone in rural and semi-rural regions (e.g. Ouwersloot et al. 2012; van Stratum et al. 2012).
A complete list of the reactions used in the MXLCH-model can be found in Table 4.1. In the
following, we will define some useful concepts that can help our analysis.
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Table 4.1: Chemical reaction scheme used in the numerical experiments with T being the absolute temperature in Kelvins and χ the solar zenith angle. The reaction rates are taken from the
International Union of Pure and Applied Chemistry (IUPAC) (http://iupac.pole.ether.fr) and can
be found in Vilà-Guerau de Arellano (2015). All first-order rate constants are in [s−1 ], secondorder in [cm3 molecules−1 s−1 ] and all concentrations are calculated in units molecules cm−3 .
The species between brackets do not enter explicitly in the calculation of the chemical transformations, as their concentrations are very large compared to chemical production. (hv) denotes a
photolytic conversion. ’REST’ stays for products that are not further evaluated in the chemical
scheme.
Name
R01
R02
R03
R04
R05
R06
R07
R08
R09
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28

O3 + hν
O(1 D) + H2 O
O(1 D) + N2
O(1 D) + O2
NO2 + hν
CH2 O + hν
OH + CO
OH + CH4
OH + C5 H8
OH + MVK
HO2 + NO
CH3 O2 + NO
RO2 + NO
OH + CH2 O
2 HO2
CH3 O2 + HO2
RO2 + HO2
OH + NO2
NO + O3
OH + HO2
OH + H2 O2
NO + NO3
NO2 + O3
NO2 + NO3
N 2 O5
N 2 O5 + H2 O
N 2 O5 + 2 H 2 O
HO2 + O3

Chemical equation
→ O(1 D) + O2
→ 2 OH
→ O3 + REST
→ O3
→ NO + O3 + REST
→ HO2 + REST
→ HO2 + CO2 + REST
→ CH3 O2 + REST
→ RO2
→ HO2 + CH2 O + REST
→ OH + NO2
→ HO2 + NO2 + CH2 O + REST
→ HO2 + NO2 + CH2 O+ MVK
→ HO2 + REST
→ H2 O2 + O2
→ REST
→ REST
→ HNO3
→ NO2 + O2
→ H2 O + O2
→ H2 O + HO2
→ 2 NO2
→ NO3 + O2
→ N2 O5
→ NO2 + NO3
→ 2 HNO3
→ 2 HNO3 + H2 O
→

980

a
750

4.10×10−13 · e T
1.50×10−11
340
3.50×10−12 · e T
1500
3.00×10−12 · e− T
250
4.80×10−11 · e T
−160
2.90×10−12 · e T
110
1.80×10−11 · e T
−2470
1.40×10−13 · e T
b
c

2.50×10−22
1.80×10−39
 4.57 693
T
2.03 × 10−16 · 300
·e T
2200

, k2 = 1.9×10−33 · e T · cair , k3 = 1 + 1.4×10−21 · e T · cH2 O
 −4.1
 0.2
b
T
T
k = 0.35 · (k1 · k2 ) / (k1 + k2 ), k1 = 3.6×10−30 · 300
· cair , k2 = 1.9×10−12 · 300
 −3.5 −11000
 0.1 −11080
c
T
T
k = 0.35 · (k1 · k2 ) / (k1 + k2 ), k1 = 1.3×10−3 · 300
· e T · cair , k2 = 9.7×1014 · 300
·e T
a

k = (k1 + k2 ) k3 , k1 = 2.2×10−13 · e

OH + 2 O2
600
T

Reaction rate
0.575
3.83×10−5 · e− cos(χ)
60
1.63×10−10 · e T
110
2.15×10−11 · e T
55
3.30×10−11 · e T
0.575
1.67×10−2 · e− cos(χ)
0.575
1.47×10−4 · e− cos(χ)
2.40×10−13
−1775
2.45×10−12 · e T
−10
1.00×10
2.40×10−11
250
3.50×10−12 · e T
300
2.80×10−12 · e T
1.00×10−11
125
5.50×10−12 · e T
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Ozone in the troposphere is primarily formed in the presence of sunlight through photochemical reactions of nitrogen oxides and hydrocarbon (Fares et al. 2012). Dissociation reaction R05
(Table 4.1) and subsequent regeneration of NO2 via reaction with NO and O3 is sufficiently fast
in sunlit conditions and moderate NO x (NOx = NO + NO2 ) mixing ratios (< 10 ppb) that these
species are in dynamic equilibrium on a time scale of ∼100 seconds (Carpenter et al. 1998;
Mannschreck et al. 2004), which can be described by:
CO3 =

jNO2 C NO2
.
k19C NO

(4.12)

where jNO2 is the photolysis frequency of NO2 (R05), and k19 is the temperature dependent reaction rate for R19 (Griffin et al. 2007). This is referred to as the photostationary state (PSS). The
PSS parameter, or Leighton ratio (ϕ), is defined as:
ϕ=

jNO2 C NO2
k19 C NO CO3

(4.13)

This photostationary state mainly depends on the photolysis of NO2 , and when other reactions
converting NO to NO2 (R11, R12, R13) and local emissions of these species are negligible, the
Leighton ratio is expected to be equal to unity (Mannschreck et al. 2004). A Leighton ratio
near unity is mainly observed in polluted areas (Carpenter et al. 1998; Thornton et al. 2002;
Yang et al. 2004), while in rural or isolated areas with high sunlight Leighton ratios of up to
3 have been observed (e.g. Volz-Thomas et al. 2003). The value of ϕ deviates positively from
unity when pathways, other than R19, convert NO to NO2 (Griffin et al. 2007). In conditions
with low NOx levels, the reactions between NO and peroxy radicals HO2 , RO2 and CH3 O2 form
the major pathway causing positive deviation from the photostationary state (Carpenter et al.
1998; Mannschreck et al. 2004)(e.g. R11, R12, R13). These reaction pathways additionally
lead to the formation of O3 via the subsequent dissociation of NO2 (R05). As the reaction rates
of R11 and R13 are similar (DeMore et al. 1997), the concentration of peroxy radicals RO2
(HO2 + RO2 + CH3 O2 ) is given by:
C PO2 = (ϕ − 1)

k19 CO3
,
k11

(4.14)

where k11 is the reaction rate of R11.
4.3.5

Advection

The final term in Eq. 4.8 is advection of ozone. This refers to the horizontal transport of O3
mixing ratio into or out of the mixed layer at the CHATS site.
The CHATS site is located within the Sacramento Valley and as a result is subject to com-
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plex flow patterns. The Sacramento Valley has complex topography, being bordered by the Coast
Ranges and the Sierra Nevada (Bianco et al. 2011). Differential heating due to altitude produces
local, thermally-driven diurnal flows within the Sacramento valley (Bao et al. 2008). In addition,
differential ocean-land heating together with weak synoptic flows leads to marine air being transported from the Sacramento Bay area through the Sacramento valley (Bao et al. 2008; Bianco
et al. 2011). Important for our case study is the advective transport of cold and humid air from
the San Francisco Bay area during the day, which affects the boundary-layer (thermo)dynamics
(Chapter 3).
The proposed effects of these regular diurnal flows on pollution transport within the Sacramento Valley are complex and often contrary. The influx of marine air with the up-valley flow
can ventilate existing pollution within the valley (i.e. advective outflow of pollution). However,
pollution from the heavily populated San Francisco area can also be transported into the valley
(Bao et al. 2008). Thermally driven upslope flows during the day induces subsidence, suppressing the development of the boundary layer and confining pollution to a thinner boundary layer
(as observed during majority of the CHATS days, as well during our case study day), thus raising
mixing ratios (Bao et al. 2008). These same upslope flows transport have also been proposed to
transport polluted air up the Sierra Nevada foothills, cleaning the valley (Dillon et al. 2002). Bao
et al. (2008) suggested that night-time, downslope winds can circulate pollutants back through
the valley. Dillon et al. (2002) however, proposed that katabatic flows introduces clean, regional
air into the Sacramento Air Basin, lowering pollutant levels. Due to the relatively low ozone and
high NOx mixing ratios over the CHATS site (especially during the case study day), a negative
advection of ozone and positive of NOx (last term in Eq. 4.8) will be taken into account in our
study. The negative advection of ozone over the CHATS site would correspond to a situation with
low ozone mixing ratios over the San Francisco Bay area (due to ozone titration by abundant NO
via O3 + NO (R14) (Fujita et al. 2001; Fujita et al. 2005), advecting ozone-poor and NOx -rich
air masses. Additionally, positive advection of NOx during CHATS may be due to the highway
located south of the orchard. This NOx then influences the ozone production regime over the
CHATS. It is worth mentioning here the nonlinearity of ozone formation for a given variety of
NOx conditions (e.g. Jacob 1999). This moderate-to-high NOx levels may either lead to ozone
production (via VOCs -> RO2 + NO -> NO2 -> O3 or to ozone destruction (i.e. NO + O3 -> NO2
(+ OH) -> HNO3 ) (Rohrer and Berresheim 2006).

4.4

Atmospheric chemistry during CHATS

4.4.1

General characterization

We start our analysis with the general meteorological and chemical characteristics of the experimental site. The CHATS site shows meteorological conditions typical of a Mediterranean climate,
with the average temperature during the campaign peaking at 27o C by 15:00 LT pre irrigation
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Figure 4.1: Time series of O3 , NO and NO2 concentrations, taken at 11 m above the ground
surface (1 m above the canopy top). The orange shaded area indicates the pre-irrigation period,
while the blue shaded area shows the post-irrigation period. The dashed line boxes indicate the
case study day (27 May 2007 or 147 DOY).
(26o C post irrigation), and the specific humidity reaching a peak of 7.5 g kg−1 pre irrigation (and
8.5 g kg−1 post irrigation). Winds were generally from the south and, as typical in the central
Californian region, the boundary layer was shallow at around 700 m (Bianco et al. 2011). During
CHATS, the boundary layer height was deeper during the pre-irrigation period compared to the
post-irrigation period (1200 m and 700 m, respectively).
Figure 4.1 shows the observed mixing ratios of 3 chemical compounds observed during the
CHATS campaign: O3 , NO and NO2 . Figure 4.1 also shows the timing of the pre- and postirrigation periods and the case study day. The diurnal pattern of O3 , NO and NO2 is clearly
visible, with mixing ratios being comparable pre and post irrigation. NO x mixing ratios are
generally higher at night and in the early morning due to accumulation of fresh emissions in the
shallow night time boundary layer. Ozone mixing ratios peak in the afternoon, following daytime
ozone production and possibly entrainment from the overlying free atmosphere. At night, O3
mixing ratios are much lower, due to deposition and titration by NO (i.e. reaction R19, producing
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Figure 4.2: Diurnal evolution of (a) O3 , (b) NO2 , (c) NO and (d) MeSA (see text for full name)
mixing ratios averaged above the canopy (11, 14 and 23 m) for Day 147 and for the pre- and
post- irrigation periods. The shaded area represents the standard error of the mean.
NO2 ). These observations support the general diurnal behaviour of the boundary layer: convective
during daytime, and stable during the night. Other observed chemical species, not explicitly
treated in this study, were CO2 and additional VOCs. CO2 was around 390 ppm (daily average)
with no noticeable difference pre and post irrigation (not shown). All observed VOC mixing ratios
were consistently higher pre irrigation compared to post-irrigation mixing ratios. Acetone peaked
at 5 ppb, with monoterpenes reaching 0.25 ppb pre irrigation. Benzene and toluene showed little
diurnal variation and remained below 0.4 ppb. The average mixing ratios of MeSA, a VOC
compound emitted by plants under drought stress (Karl et al. 2008), are shown in Fig. 4.2d and
are discussed later on.
Figure 4.2 shows the diurnal averages of the mixing ratios presented in Fig. 4.2 and for MeSA,
averaged over the pre and post-irrigation period, and for the case study day 147. The O3 diurnal
profiles observed at CHATS are comparable to other rural regions in Central California during
spring, with the average peak mixing ratio reaching between 45 to 55 ppb. Fares et al. (2012)
found O3 mixing ratio above a Californian orange orchard to be around 55 ppb in spring 2009,
with daytime peaks in the summer exceeding 100 ppb. During summer months O3 mixing ratio
in the Central California regions often exceed the federal threshold (8-hour average exceeding 85
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ppb) (Murphy et al. 2007). The morning peak of NO2 reached up to 17 ppb before dropping to
3 ppb at midday, while the morning peak of NO reached up to 6 ppb, with mixing ratios during
midday of around 0.5 ppb (Fig. 4.2). At sunrise, NO2 is photolysised and starts cycling between
NO and NO2 (see also Seok et al. 2013). This leads to the morning build-up of NO, before
the boundary layer begins to grow and to dilute the NO x mixing ratios. The NOx mixing ratios
during CHATS are similar to findings by Murphy et al. (2007) who found Californian daytime
mean mixing ratios of NO x to be between 5 and 18 ppb. These high levels of NO x are mostly due
to traffic emissions (Murphy et al. 2007). Min et al. (2014) investigated fluxes of NO x within the
canopy of a pine forest on the Sierra Nevada mountain slopes. They found lower mixing ratios
of NO and NO2 than observed at the CHATS site, due to an increased distance from urban areas
compared to the CHATS site. NO mixing ratios above the canopy ranged from 10 to 100 ppt
while the mixing ratio of NO2 varied from 80 to 550 ppt in the study by Min et al. (2014). It thus
appears that advection of NO x dominates over possible emissions from managed soils.
Significant mixing ratios of MeSa were observed (0.1 ppb) during CHATS, although typical
ecosystem mixing ratios of MeSA remain uncertain (Karl et al. 2008). MeSA is a biologically
active compound which is thought to be synthesized by plants as a response to temperature stress
(Karl et al. 2008). The average MeSa mixing ratios are consistently higher pre irrigation compared to post irrigation, likely caused by drought stress which increases daytime leaf temperatures
and therefore MeSA emission. In addition to MeSA levels being higher pre irrigation, O3 mixing ratios were around 5 ppb higher prior to irrigation. The nighttime build-up in NO2 was also
around 3 ppb higher before irrigation. This difference pre and post irrigation is seen again in the
vertical profile of these species (Fig. 4.3) and is discussed further in Sect. 4.4.3.
Another interesting characteristic in the diurnal trend of NO and NO2 mixing ratios is the
much smaller early morning peak for the case study day (Fig. 4.2b and 4.3c). As the case study
day is a Sunday, this lack of the morning peak is likely due to the ’weekend effect’. Day of
the week differences in the chemical composition of the boundary layer are often observed, and
the Sacramento valley has been the focus of many studies examining this ’weekend effect’ on O3
concentrations (Altshuler et al. 1995; Murphy et al. 2007). This weekend effect is hypothesized to
be due to the differentiated anthropogenic emissions of O3 precursors on weekdays and weekends,
in particular NOx emissions from traffic. Reduced emission of NO x in the weekend means that
rural areas are likely to see lower O3 mixing ratios on weekends, as seen in Fig. 4.2a. As there is
a major road to the south of the orchard, this weekend effect due to traffic emissions is expected
to strongly influence chemistry of the CHATS site - particularly with southerly winds as on Day
147. As MeSA is biologically emitted and the mixing of MeSA on Day 147 shows no significant
difference from the post irrigation mean mixing ratio, this is further evidence of the weekend
effect on anthropogenic NO x emissions.
Figure 4.3 shows the vertical profile of the mixing ratios averaged from 10:00 to 17:00 LT
(i.e. during well-mixed conditions), for each irrigation period and for the case study day. Here
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Figure 4.3: Vertical profiles of (a) O3 , (b) NO2 , (c) NO and (d) MeSA mixing ratios averaged
between 10:00 and 17:00 LT on Day 147, and for the pre- and post- irrigation periods. The
shaded area represents the standard error of the mean. The red dashed line indicates the height
of the RSL, while the black dashed line and the green dashed-dotted line mark the canopy height
and the bottom of the crown canopy, respectively.
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positive gradients indicate a negative (downward) flux. In general, the vertical gradients of all
species are small, corresponding to a well-mixed roughness sub-layer and relatively small fluxes.
This indicates that vertical mixing is maintained throughout the canopy, potentially due to its
sparsity. The daytime O3 mixing ratio shows a small positive vertical profile indicative of ozone
deposition, with mixing ratios increasing by 5 ppb over 21.5 m. As shown in Fig. 4.3, the O3
mixing ratio decreases after irrigation on average by about 7 ppb. The gradient of NO is negative
inside the canopy, while the gradient of NO2 is positive above the canopy. Both NO and NO2
show a disruption of this gradient at the top of the crown. This may indicate (i) the influence
of a strong local source/sink for these species near the canopy top or within the canopy or (ii)
horizontal transport from pollutants above the canopy. Below the canopy NO mixing ratios show
a strong divergence pre and post irrigation. This may be due to increased emission of NO from
the soil following increased soil moisture and is discussed further in the next section. It is also
interesting to notice the higher MaSA mixing ratio pre irrigation, indicating increased (VOCs)
emission, especially at canopy level.
4.4.2

Inferring fluxes of radicals from observed mean mixing ratios

In appendix 4A we show that the use of the flux-gradient methods MOST and MOST+RSL
is generally valid above the canopy. The same holds for the ILNF method within the canopy to
calculate fluxes from observed mean wind speed and potential temperature profiles. Important for
our study is the improved calculation of scalar fluxes (H in this case) when using MOST+RSL
compared with MOST, since this method takes the RSL effects in the flux parameterization into
account. In what follows, we apply these methods to infer the gas fluxes from their mixing ratio
profiles.
Figure 4.4 shows the fluxes of O3 , NO and NO2 on Day 147 calculated by all four methods, in
and above the canopy. There is a relatively good correspondence between the methods, with the
profile shapes of the fluxes being consistent across all methods. The largest fluxes are seen at the
top of the canopy. O3 shows strong negative fluxes within and just above the canopy, indicating
deposition, between -0.9 to -0.5 ppb m s−1 . These fluxes are comparable to fluxes reported above
other canopies. Fares et al. (2012) found spring O3 fluxes of -0.94 ppb m s−1 above an orange
orchard in Central California. Above a pine forest in the Sierra Nevada Mountains fluxes of -1.04
ppb m s−1 were recorded (Fares et al. 2010). Other observations of ozone fluxes above a range
of canopy types show values around -0.78 ppb m s−1 (Mikkelsen et al. 2000; Fares et al. 2013;
Fares et al. 2014). Above the RSL layer, we calculate positive NOx fluxes with values of 0.02
ppb m s−1 and 0.04 ppb m s−1 for NO and NO2 , respectively. This is comparable to Farmer and
Cohen (2008) who found summer-time noon fluxes of NO and NO2 above a pine canopy in the
Sierra Nevada Mountains of 0.054 and 0.30 ppb m s−1 respectively. Min et al. (2014) found NO
and NO2 fluxes above the same canopy of 0.32 and 0.67 ppb m s−1 , smaller than calculated at the
CHATS site. Unlike in Min et al. (2014), we found negative NO fluxes below the canopy on day
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Figure 4.4: Vertical flux profiles of (a) O3 , (b) NO and (c) NO2 , calculated via the four different
methods, averaged between 10:00 to 17:00 LT on Day 147. See Fig. 4.3 for a description of the
shaded area and horizontal lines.
147, whereas they found soil emissions of NO between 0.05 - 0.08 ppb m s−1 . Furthermore, the
observed flux divergence in Fig. 4.4, especially within the canopy can be related to: (i) differential
advection (i.e. advection of NO x in the BL) and (2) chemistry. Considering the photostationary
state NO + O3 ↔ NO2 , one would expect that there will be less light in the canopy, shifting
the equilibrium in the reaction to the right, with an "apparent" positive flux of NO2 (chemical
production during transport) and negative fluxes for NO and O3 . Qualitatively, this seems to
correspond to the observations in the canopy. Indeed, a major uncertainty when determining gas
fluxes by all methods used in this study is that these methods are based on the assumption of nonreactivity. As has been shown in a number of studies (e.g Kramm et al. 1991; Vilà-Guerau de
Arellano and Duynkerke 1992), when chemical reactions have a similar timescale to turbulence,
this assumption may lead to erroneous flux calculation. In these cases, the vertical flux becomes
a function of height due to chemical production or loss and the flux-profile relationships require
modification. The reactive timescale of the interconversion of O3 –NO and NO2 is in the order of
minutes and hence chemical processes are expected to influence the flux calculation (Vilà-Guerau
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Figure 4.5: Vertical profile of fluxes of O3 calculated via the LOCAL method, and averaged
between 10:00 to 17:00 LT for pre- and post-irrigation periods. See Fig. 4.3 for a description of
the shaded area and horizontal lines.
de Arellano and Duynkerke 1992; Farmer and Cohen 2008). Kurpius and Goldstein (2003) found
that within the canopy chemistry was the dominant O3 loss process during the daytime, with
losses of up to 45-55 %. The authors suggest that short-living VOCs with a lifetime less than 10
minutes (i.e. monoterpenes) are responsible for the chemical losses of O3 within the canopy. The
CHATS measurement set is unfortunately not complete enough to verify this in-canopy chemistry.
4.4.3

Impact of irrigation on ozone exchange

As seen in Figs. 4.2 and 4.3, the mixing ratios of O3 show a variation of more than 7 ppb between
the pre and post irrigation periods. The overall effect of these processes on inferred O3 fluxes can
be seen in Fig. 4.3. There is no significant change in the O3 fluxes pre and post irrigation, except
for a slight decrease in fluxes above 20 m after irrigation.
As a next step, we will investigate reasons for higher pre-irrigation ozone mixing ratios in the
boundary layer (Fig. 4.2). As both large-scale and local meteorological conditions vary between
pre- and post-irrigation time periods, it is likely that boundary-layer dynamics and/or canopy
conditions also contributed to the changes in O3 mixing ratios. We hypothesize the following
links between boundary-layer dynamics, canopy conditions, and O3 mixing ratios and fluxes:
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Figure 4.6: Vertical profile of (a) evaporative fraction (EF) and (b) water vapour defecit (WVD)
averaged between 10:00 and 17:00 LT for the pre- and post-irrigation period.
i Dry conditions lead to plant stress and the additional production of VOCs, leading to increased
O3 chemical production.
ii Dry conditions lead to stomatal closure and decreased deposition of O3 , consequently increasing O3 mixing ratios.
iii The differences in O3 mixing ratios pre and post irrigation are mainly depending on the boundary layer thermodynamic conditions (entrainment of ozone from the free troposphere and
altered volume of the mixed-layer).
In the following, we investigate these three hypothesis. Firstly, it is necessary to quantify whether
drought stress was influencing the soil and vegetation enough to trigger an atmospheric response.
Figure 4.6a shows the vertical profile of the evaporative fraction (EF), while Fig. 4.6b shows the
water vapour deficit (WVD), both pre and post irrigation. The pre and post irrigation vertical
profiles of the EF shows no significant difference within and above the crown. However, a sharp
deviation within the canopy can be observed. This difference in EF with irrigation is primarily
driven by a strong decrease in latent heat below the canopy (< 5 m) pre irrigation. While the
canopy maintains constant water content due to stomatal regulation by the trees and deep roots,
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Figure 4.7: Vertical profile of (a) Leighton ratio (PSS) and (b) PO2 averaged between 10:00 and
17:00 LT for the pre- and post-irrigation period.
the soil dries out rapidly, leading to a lower EF within the canopy.
The WVD (Fig. 4.6b) lacks this divergence, likely due to strong mixing throughout the canopy
due to canopy sparsity. The observed WVD is similar to values found above a Mediterranean
forest (Fares et al. 2014). However, they concluded that stomatal closure due to the high WVD
and low soil water content leads to low O3 deposition fluxes. In this study, we find limited
evidence for stomatal closure at the CHATS orchard prior to irrigation, since in addition to the
lack of difference in EF pre and post irrigation, there was also no significant difference in the
average calculated CO2 fluxes (not shown). Due to these two factors, we presume that there are
little to no changes in the stomatal deposition of O3 pre and post irrigation.
Dry conditions prior to irrigation may have potentially altered the chemistry of the CHATS
site. The change in chemistry conditions was investigated by analysing calculated vertical profiles
ϕ and PO2 mixing ratios (Fig. 4.7, see section 4.3.4 for an explanation of ϕ and PO2 ) within and
above the canopy. The values of ϕ shows no noteworthy difference pre and post irrigation, and
have slightly negative gradients. Even at a height of 23 m large deviations from PSS are observed,
with remaining high at around 3. These high values of ϕ indicate a stronger influence of pathways
other than R05 and R19 on the production of O3 pre irrigation. Drivers of these alternate pathways
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are peroxy radicals (PO2 ) which generally result from the oxidation of VOCs or CO (Griffin et
al. 2007). Increased VOC mixing ratios (e.g. Fig. 4.2d and 4.3d) pre irrigation likely led to this
increased importance of peroxy radicals in O3 production. The average vertical mixing ratio of
PO2, calculated by Eq. 4.14, in Fig. 4.7b is indeed enhanced. Thus the enhanced VOCs emissions
and subsequent ozone formation in and above the canopy likely explain the enhanced O3 mixing
ratios before irrigation. This would imply that (i) ozone deposition is not strongly influenced by
irrigation, and (ii) the enhanced drought-related VOC emissions pre-irrigation do not severely
influence O3 fluxes.
Other factors that could drive the difference in concentrations of O3 pre and post irrigation
include the emission of NO from soils and surface wetness of soils or leaves (Lamaud et al.
2002). While the irrigation of the CHATS orchard could potentially produce increased fluxes of
NO, the calculated NO fluxes did not exhibit enhanced positive fluxes within the canopy post
irrigation. In addition, O3 deposition onto soil depends on soil water content and the relative
humidity at soil-level, with deposition increasing as these factors increase (Fares et al. 2012).
However, as Fig. 4.5 shows, no clear signals of enhanced post-irrigation ozone deposition are
found.
Finally, the boundary-layer thermosdynamics can play an important role in the ozone mixing
ratio evolution above the canopy. The observed larger differences in h (based on REAL (lidar) data
observations (http://lidar.csuchico.edu/lgd/nsf_results)) for pre- and post-irrigation
periods (not necessary dependent on the irrigation) could be responsible for the differences in O3
mixing ratio for these periods. Deeper maximum h pre irrigation (reaching roughly around 1200
m) potentially corresponds to entraining more O3 from the free troposphere, leading to larger
O3 mixing ratios compared to the O3 mixing ratios post irrigation, when the h remained more
shallow (around 700-800 m). Similar holds for the case study day, during which the maximum
h was only around 550 m, but also the lowest concentrations of ozone were observed during that
day, compared to the average pre and post irrigation O3 mixing ratio (see Figs. 4.2 and 4.4). A
larger mixing volume (due to deeper h pre-irrigation) however dilutes the mixing ratios of the
precursors for ozone formation, and hence the chemical term in the ozone budget. In short, we
cannot a priory draw firm conclusions about the effects of the boundary-layer dynamics on the
ozone budget. In section 4.5 we will therefore further quantify the different terms in the ozone
budget.

4.5

Analysis of the diurnal ozone budget

4.5.1

Initial and boundary conditions

In this section, we continue the analysis by calculating the O3 budget (Eq. 4.8) for our case study,
Day 147. Each term of the O3 budget will be dealt with sequentially, starting with the dynamics.
As already mentioned in section 4.3.1, we use the MXLCH model (Vilà-Guerau de Arellano et
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al. 2009) to represent and quantify the ozone budget over the CHATS canopy for a selected case
study. The reasons to select May 27, 2007 (Day 147) are twofold:
1) Day 147 is the only day in the CHATS data set with dominant winds from south, ensuring a
well-developed RSL over the CHATS canopy (the measurement tower is placed at the northern
most part of the site) (Patton et al. 2011).
2) The observational dataset is most complete in terms of dynamics and chemistry.
The dynamics of MXLCH were initiated by observations taken at 29 m on Day 147, with largescale forcing such as subsidence and advection being prescribed (Chapter 3). The model then
calculates the temporal evolution of dynamics (temperature, humidity, wind speed and boundary
layer height) within the boundary layer. Overall, the modelled state variables were in good agreement with the observations, with dynamics of the case study being well reproduced in MXLCH
(Chapter 3).
Now we extend the MXLCH model with chemistry. In the absence of observed O3 profiles
during CHATS, the difference in O3 mixing ratio between the free troposphere and the boundary
layer (∆CO3 ) was assumed based on literature. The majority of the observations of ozone profiles
over the California Valley were conducted for the purpose of the Central California Ozone Study
(CCOS) (Fujita et al. 1999; Fujita et al. 2001; Fujita et al. 2005). Observation of the O3
profiles throughout the boundary layer and the free troposphere showed variable profile shapes,
with ozone jumps ranging from around 20 to 40 ppb in the early mornings, 10 to 20 ppb in the
late afternoon and even negative ozone jumps of -10 to -30 ppb in the afternoon and evening (e.g.
Fujita et al. 2001). Since the mixed-layer model assumes well-mixed conditions, we selected an
initial value of the ozone jump to be around 15 ppb (i.e. ∆CO3 = 15 ppb). To account for the
uncertainty, we performed numerical experiments with variations in ∆CO3 (Table 4.2) and perturb
the initial ozone jump by +/- 5 ppb. The sensitivity of the O3 budget to these values will be
discussed in Sect. 4.5.4.
Concerning ozone deposition, figure 4.8 shows the average velocity deposition (vd ) for O3 for
Day 147 calculated by the four different methods within and above the canopy, together with the
average for the pre and post irrigation periods. Above and near the canopy top the MOST+RSL
method performs better than the standard MOST method (see appendix 4B). The derived O3
deposition velocity increased towards the top of the canopy, reaching a peak of around 2.8 cm s−1
at 10 m and declining to 0.10 cm s−1 at 23 m. These deposition velocities are within the range
of values found in other studies (Mikkelsen et al. 2000; Lamaud et al. 2002; Fares et al. 2010).
Lamaud et al. (2002) provides a brief overview of O3 deposition velocities above a variety of
forest canopies, with the daytime values ranging between 0.25 to 1.8 cm s−1 . Mikkelsen et al.
(2000) found O3 deposition velocity of 0.8 cm s−1 above an evergreen forest, while Fares et al.
(2010) found O3 deposition velocity of around 0.4 to 0.6 cm s−1 above a pine forest. Here, we
also note that there is no substantial difference between the pre and post deposition velocities of
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Figure 4.8: Vertical profiles of the deposition velocity of O3 for (a) Day 147 and for (b) the
pre and post irrigation periods, calculated via the four different methods and averaged between
10:00 to 17:00 LT. See Fig. 4.3 for a description of the shaded area and horizontal lines.
O3 , except for a slight increase at the canopy top and above 18 m post irrigation (due to difference
in ozone mixing ratio). This lack of difference between O3 fluxes and vd , between pre and post
irrigation, is discussed in Sect. 4.4.3.
We used the vd value calculated by MOST+RSL method at 2.5 m above the canopy top (1 cm
−1
s ) (see section 4.3.3 for reasons to choose this height as a reference) and perform a sensitivity
using the calculated by MOST (0.5 cm s−1 , see Table 4.2). Concerning NO x , Fig. 4.4 shows that
NO and NO2 fluxes shifted from negative above the canopy (12.5 m, indicative of deposition) to
positive at 23 m, possibly indicating advection of NO x from the nearby highway in the boundary layer. The NO deposition velocity was calculated with MOST and MOST+RSL as 1 and 2
cm s−1 , respectively. Deposition velocities for NO2 were 0.22 and 0.28 cm s−1 for MOST and
MOST+RSL, respectively (Table 4.2). To maintain the high NO x mixing ratios observed during the day (Figs. 4.2 and 4.3), we assume advection of NO2 over the CHATS site (Table 4.2)
(assuming that all NO is already converted to NO2 ).
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Table 4.2: Initial and boundary conditions used in the MXLCH numerical experiment (’Control’)
with the chemistry scheme listed and described in Table 4.1. The t is the elapsed time since the
start of the experiment and td is the time (is seconds) duration of the experiment (from 08:00 –
17:00 LT). CO mixing ratios were taken from California Environmental Protection Agency Air
Resources Board air quality data (http://www.arb.ca.gov/aqmis2/aqdselect.php).
Experiment: Control
hC0 i [ppm]
∆C = C FT − hC0 i [ppm]
FO3 [ppb m s−1 ]
vd [cm s−1 ]
Advection [ppt s−1 ]

O3 NO
21
0.6
15 a -0.6
/
/
MOST+RSL: 1
2
MOST: 0.5
1
-0.7
0

NO2
3.5
-2.5
/
0.28
0.22
0.5

a

If not specified differently (see Sect. 4.5.3)

b

F IS I = 0.0005 sin (πt/tt ), If not specified differently (see Sect. 4.5.3)

ISO
0
0
b

/
/
0

CH2 O
1
0
0
/
/
0

CO
200
0
0
/
/
0

We model VOCs by including a simplified scheme for isoprene oxidation and assume a diurnal
cycle in its emissions to simulate its radiation dependence (Table 4.2). Note again that observed
isoprene mixing ratios were mainly low (Thomas Karl, personal communication) and that little
information is available concerning the abundance of natural and anthropogenic VOC species.
We assume initial mixing ratios of 200 ppb and 1800 ppb of CO and CH4 , respectively, to provide
hydrocarbon species that produce RO2 radicals that account for ozone formation through RO2 +
NO → NO2 + RO (R13) followed by NO2 photolysis (R05).
4.5.2

The effects of the roughness sublayer

Figure 4.9 shows the modelled temporal variation of the mixed-layer O3 and NO x mixing ratio
as compared to the observed O3 and NO x mixing ratio at 23 m above the ground surface (at the
highest measurement level). It appears that in this model configuration with limited VOCs, ozone
formation is rather limited because of the high NO x and low VOC regime, which means that
the path OH + NO2 → HNO3 is important relative to OH + hydrocarbon (CO, CH4 , ISO, other
hydrocarbons). Increasing the emissions or abundance of hydrocarbons under these conditions
would boost O3 production, requiring an outflux of O3 to stay in line with the observations (see
additional analysis in Section 4.5.3).
Figure 4.9 also shows the effect of the RSL on the O3 and the NOx mixing ratio temporal
variation. Important and relevant for this study is that a 50 % decrease in ozone deposition
velocity (MOST) leads to on average 16 % higher O3 mixing ratios. Due to feedbacks in the
chemistry, NO x mixing ratios decreases by 9 % at the end of the simulation period (Fig. 4.9b).
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Figure 4.9: Temporal variation of the mixed-layer ozone (a) and NO x (=NO + NO2 ) (b) mixing
ratios over the CHATS canopy. Black full circles represent the observed concentrations at the
highest measurement level (23 m above the ground surface). The blue solid line represents the
MXLCH experiment (Control) with RSL effects accounted for in deposition velocity calculation
(MOST+RSL: vd = 1 cm s−1 ). The dashed line shows the mixed-layer model experiment (Control) with standard MOST deposition velocity calculation (MOST: vd = 0.5 cm s−1 ). Initial and
boundary conditions are presented in Table 4.2.
4.5.3

Sensitivity of simulated O3 and NO x

Here, we investigate the sensitivity of the model results to the assumptions we made in our numerical experiment for the parameterization of the ozone entrainment flux and the surface emission
of hydrocarbons (in our case isoprene), as well as the role of ozone and NO x advection.
Our standard run (Control) assumes a jump of the ozone-mixing ratio in the entrainment zone
of 15 ppb (Table 4.2). As already mentioned in section 4.5.1, a realistic initialization of the value
of ∆CO3 in the model experiment remains uncertain due to the lack of O3 profile observations.
Therefore, and based on literature (Fujita et al. 1999; Fujita et al. 2001; Fujita et al. 2005), we
performed additional numerical experiments with different ozone jumps (10 and 20 ppb). Figure
4.10a and 4.10c shows the sensitivity of the diurnal variation of O3 and NO x for an initial 20
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Figure 4.10: Temporal variation of the ozone (a and b) and NO x (c and d) mixing ratios over the
CHATS canopy. Black full circles represent the observed mixing ratios at the highest measurement
level (23 m above the ground surface). The red and green solid lines represent the MXLCH
experiment ’Control’ with the settings for the entrainment and isoprene emission as in Table 4.2;
the dashed and dash-dotted red lines show the sensitivity to varying the initial ozone jump and
green dashed lines depict the results for no isoprene emission, respectively. All other initial and
boundary conditions are similar as in ’Control’ (Table 4.2).
ppb (dashed red line) and 10 ppb (dash-dotted red line) ozone jump at the entrainment zone. As
expected, the high ozone jump leads to an increased O3 mixing ratio in the boundary layer because
ozone rich air entrains the mixed-layer from the overlying atmosphere. The opposite holds for the
10 ppb ozone jump. Effects on NO x are opposite, with higher ozone shortening the NO x chemical
lifetime.
The results presented until now included the surface emission of isoprene (Table 4.2). Figure
4.10b shows the effects of not including any isoprene emission on the mixed-layer O3 and NO x
mixing ratios (Fig. 4.10d). As expected, decreasing the emission of isoprene in this VOC limited
regime leads to higher NO x and lower O3 mixing ratios (Fig. 4.10b), since VOC is precursor of
ozone and depletes NO x (see also Sillman 1999).
Although there is a satisfactory agreement in values and diurnal variations of the modelled and
the observed O3 and NO x mixing ratios (Fig. 4.9), the model results for the NO2 /NO ratio, based
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Figure 4.11: Temporal variation of the observed and modelled (a) NO2 , (b) NO, (c) NO2 /NO, (d)
Leighton ratio (PSS), (e) O3 , and (f) NO x for the case study (147 DOY). Solid lines represent the
model based on initial and boundary condition for numerical experiment ’Control’ (Table 4.2),
while dashed lines illustrate the results of the numerical experiment ’High ISO’ (Table 4.3) with
increased VOCs (represented by ISO) emissions and altered advection of ozone and NO2 .
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Table 4.3: Similar as in Table 4.2, but here only modifications compared to the ’Control’ experiment are presented.
Experiment: High ISO
hC0 i [ppm]
∆C = C FT − hC0 i [ppm]
FO3 [ppb m s−1 ]
Advection [ppt s−1 ]

O3

NO
0

NO2

ISO

CH2 O

-9.5

0

0.8

0

1.5
0

CO
400
0
0
0

on the settings of the numerical experiment ’Control’ (Table 4.2), show a severe underestimation
compared to the observations (Fig. 4.11a,b,c). To account for this underestimation of the NO2 /NO
ratio, we set up a new numerical experiment (’High ISO’, Table 4.3) in which we increase the
natural (generic) VOCs emissions by increasing the isoprene emissions and the anthropogenic
VOC abundance by increasing the initial CO mixing ratio. The aim here is to increase PO2 (based
on the PSS, Fig. 4.11d) and to trigger more efficient conversion of NO to NO2 .
Since the increased NO2 leads to increased O3 (due to NO2 photolysis), we invoked an outflow
flux of ozone by advection (Table 4.3) to reduce the ozone mixing ratio in the boundary layer to the
level of the observed ozone mixing ratio (Fig. 4.11e). This negative ozone advection is therefore
constrained by the observations. By doing so, we managed to improve the NO2 /NO (Fig. 4.11c)
representation and yet keeping the low ozone conditions as observed. The magnitudes of the
added chemistry and advection to the system are discussed in section 4.5.4. Unfortunately, given
the scarcity of especially VOC data, we cannot conclude whether our ’High ISO’ simulation is
realistic. However, we note that the production of O3 is much higher in ’High ISO’ compared
to ’Control’, and that the simulated diurnal O3 variations reproduce the observations slightly
worse. Note that the peak at the beginning of the ’High ISO’ experiment for NO2 , NO and O3
is due to the large increase of the isoprene mixing ratio after its zero initialization due to the
’high’ emission. Further adjustments are possible to remove remaining discrepancies, but little
observational evidence is available to infer variable advection and/or emissions of the chemical
species. Simulations with a meso-scale chemistry transport model would be required to better
quantify advection of ozone and its precursors over the CHATS site.
4.5.4

Budgeting of ozone

Based on the provided modelling results and to complete the study, we perform an analysis on
the individual contributions from deposition, entrainment, chemistry and advection to the diurnal
variation of O3 , including a sensitivity analysis. The ozone budget equation reads:
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∂(w0CO0 3 ) s ∂(w0CO0 3 )e
∂CO3
∂CO3
∂CO3
=
−
+ S O3 − (u
+v
).
∂t
h } | {z
h } |{z}
∂x
∂y
| {z
|{z}
|
{z
}
Chemistry
Total

Deposition

Entrainment

(4.15)

Advection

Figure 4.12 shows the contributions of deposition, entrainment, and chemistry to the total
ozone tendencies as calculated with MXLCH (Eq. 4.15). We show the tendencies of the individual
contributors to the total ozone budget for the standard numerical experiment ’Control’, but also
include results from the sensitivity experiment ’High ISO’ described in section 4.5.4.
Since the deposition velocity of ozone is taken constant (assuming well-mixed conditions
(see section 4.3.3)) during the day, the influence of deposition on the O3 tendency depends on
the boundary layer evolution. In the early morning, when the boundary layer is still shallow,
the impact of deposition is largest. Logically, the smaller deposition velocity (MOST) leads to
a smaller negative contribution to the ozone tendency (Fig. 4.9a). The entrainment contribution
to the total ozone budget is positive, mainly depending on the magnitude of the ozone jump as
well as the entrainment velocity (we ) (see Eq. 4.9). Entrainment influences the O3 tendency
mainly in the morning when the boundary layer grow fast. At the end of the day, the entrainment
contribution becomes smaller, because the O3 mixing ratios in the boundary layer exceed the
values in the overlying atmosphere. Note that these results of the entrainment contribution are
very sensitive to the choice in the ozone jump (Fig. 10a). The presented spread in Fig. 10a is
based on only a small variation of the ozone jump (±5 ppb). Chemistry is diagnosed to be a source
of ozone with a maximum magnitude in the afternoon due to its dependence on solar radiation and
the NO x and hydrocarbon precursor mixing ratios. Related to this, the effect of not including the
isoprene emission reduces the contribution of the chemistry to the total budget of ozone by more
than 50 % around noon (not shown). The increased chemical activity, due to increased VOCs in
the numerical experiment ’High ISO’ to account for the underestimated NO2 /NO mixing ratio in
’Control’, leads to a large production of ozone of up to 40 ppb h−1 (Fig. 4.12b). In order to keep
the modelled ozone in agreement with the observations (Fig. 4.11e), we invoked an advection of
ozone of -2.2 ppb h−1 in the experiment ’Control’, which is similar in magnitude as deposition
(Fig. 4.12a). This advection increases to up to -33 ppb h−1 in experiment ’High ISO’ to account
for the large ozone production.
As a summary, for the ’Control’ experiment each of the individual terms in Eq. 4.15 has
a significant and important contribution to the total ozone budget. Our analysis implies that
chemistry and advection play a dominant role in the ozone budget over CHATS if we reproduce
the NO2 /NO observations by invoking large PO2 mixing ratios.
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Figure 4.12: Tendencies of the individual terms in the ozone budget as defined in Eq. 4.15 for
the two numerical experiment (a) ’Control’, and (b) ’High ISO’ as initialized in Table 4.2 and
4.3. The solid (Control) and dashed (High ISO) colored lines represent the contributions of the
different terms (Eq. 4.15).

4.6

Conclusions

We investigated the ozone (O3 ) diurnal variability above an orchard canopy, placing special emphasis on the canopy effects on deposition of ozone. The deposition contribution on ozone variability has been estimated from vertical profiles of ozone measurements, combined with measurements of the relevant micrometeorological and turbulent quantities. The study combined available observations from the Canopy Horizontal Array Turbulence Study (CHATS) with conceptual
modelling using an atmospheric chemistry mixed-layer model (MXLCH), and aimed to obtain a
balanced description of surface, dynamics and chemical contributions to the temporal variability
of ozone.
A general characterization of key chemical species during CHATS is presented, in terms of
temporal evolution and vertical profiles. Relatively low maximal values of ozone with respect
to Central California Valley values are found (lower than 40 - 60 ppb) with small differences
between pre- and post-irrigation periods. Observed differences in the mixing ratios of O3 pre and
post irrigation were likely due to the combined effects of dynamics and emissions of biologically
emitted VOCs. An indication for the latter is that chemical composition of the CHATS boundary
layer showed very strong deviations from the photostationary state, with a Leighton ratio of up to
3. This likely indicates a strong influence of other chemical reactions converting NO to NO2 and
leading to production of O3 during the day. The observed lower ozone-mixing ratio over CHATS
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for the selected case study therefore required a strong outflow of ozone.
Surface exchange of gases was calculated using four methods to retrieve vertical fluxes from
observed mean mixing ratios within and above the canopy. All methods gave relatively similar
results for O3 , NO and NO2 . Above and near the canopy top, however, the flux-gradient method
accounting for the roughness sublayer (RSL) effects led to ozone deposition fluxes that were 50 %
larger compared to those calculated by the flux-gradient method based on the traditional similarity
theory. Consequently, the derived daily average deposition velocity for ozone was 50 % larger
when the RSL effects in the flux parameterization was included. Applying this difference in the
diurnal mixed-layer ozone calculation resulted in a 16 % decrease in ozone mixing ratios (daily
average).
By studying the individual contributions of deposition, entrainment, advection, and chemical
production or loss to the ozone budget for our case study, we found that the chemistry has the
largest contribution to the total ozone budget, but the deposition and the entrainment were also
of relevant importance. The sensitivity of the O3 budget to the range of uncertainties related to
the initialization of the ozone jump (upper model boundary), advection processes and the hydrocarbons emissions (e.g. isoprene) was relatively important for our case study. This highlights the
need for future experiments to perform more detailed observations of vertical profiles of reactive
species such as VOCs, OH, RO2 and HO2 throughout the boundary layer, to better understand
the interactions between dynamics and chemistry over tall canopies. Also, to better quantify the
dynamical behavior of ozone and its chemical precursors, simulations and observations over a
wider region are required.

115

4. OZONE BUDGET OVER AN ORCHARD CHANOPY

Figure 4A.1: Observed and calculated (by MOST and MOST+RSL methods (Section 4.2.2))
temporal evolution of (a) friction velocity (u∗ ) and (b) sensible heat flux (H) on Day 147 between
08:00 to 17:00 LT.

4A

Appendix: Heat flux and friction velocity above and within the canopy

To determine the accuracy of the flux calculation methods (discussed in section 4.2.2), we verify
here the calculations against observations. We investigate the validity of both the MOST and the
MOST+RSL methods above the canopy and the ILNF method within the canopy by comparing
calculated and observed friction velocity and heat fluxes.
Above the canopy The temporal evolution of observed and calculated u∗ and H for Day 147,
calculated by the MOST and MOST+RSL methods at 12.5 m above the ground surface is presented in Fig. 4A.1. u∗ and H are calculated from the observed mean wind and potential temperature
at 11 m and 14 m above the ground surface by using the flux retrieval method from two levels
by Moene and van Dam (2014) (see Section 4.2.2). As previously shown (Molder 1999; De
Ridder 2010), within the roughness sublayer the fluxes calculated by the MOST+RSL method
reproduce the observations better than MOST. For our case study, the calculated u∗ reproduces
the observations well, while the agreement for H is less good. It is clear however, that for H
the MOST+RSL method provides a more accurate parameterization of the flux than the MOST
method when compared with the eddy covariance observations (Fig. 4A.1b).
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Figure 4A.2: Average profiles of (a) vertical velocity standard deviation (σw ), normalized with
the average friction velocity (u∗ ), and (b) sensible heat flux (H), calculated with the Inversed
Localized Near-Field (ILNF) method (see Section 4.2.2) for Day 147. Profiles are averaged
between 08:00 to 17:00 LT.
Within the canopy Figure 4A.2 shows the performance of the Inverse Localized Near-Field
method (Raupach 1989a) in calculating the vertical heat fluxes (sensible heat in our case), with
the vertical velocity variance and potential temperature profiles from the CHATS observations.
The model captures the trend of the sensible flux within the canopy, but overestimates the
magnitude. The overestimation of H is related with the fact that the applied model did not consider
advection of heat and moisture as shown in Chapter 3. In this chapter is also shown that the
observed surface energy balance for Day 147 is not closed and the 30 % lack of energy is related
to the measured sensible and latent heat fluxes. Based on that, we can conclude that the model
overestimation in Fig. 4A.2 is likely due to energy that is not measured, and that the model
produces reasonable results based on the observed potential temperature profiles.

4B

Appendix: Parameterizing ozone fluxes above CHATS canopy

Figure 4B.1a shows the diurnal variation of the ozone fluxes calculated by LOCAL, MOST and
MOST+RSL methods (see section 4.2.2) at 12.5 m. The fluxes are calculated from the measured
ozone mixing ratios at 11 and 14 m using the flux retrieval procedure explained in Moene and
van Dam (2014). The diurnal evolution of the ozone flux for the given case study shows irregular
patterns (changing sign), with and daily maximum deposition in the afternoon (between 13:00
and 15:00 LT).
These irregular patterns are probably related to non-stationary conditions that makes 30117
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Figure 4B.1: Temporal evolution and daily average of (a) ozone fluxes and (b) deposition velocities at 2.5 m above the canopy (12.5 m above the ground surface) on Day 147 between 08:00 to
17:00 LT.
minute averages instable. Similar as for the sensible heat (Fig. 4A.1), the MOST+RSL is more
consistent with the observations (LOCAL) than the standard MOST method. This is quantified
by the daily averaged fluxes, which are -0.42, -0.35 and -0.19 ppb m s−1 for LOCAL, MOST, and
MOST+RSL respectively (see horizontal lines in Fig. 4B.1).
Figure 4B.1b presents the diurnal variation in the ozone deposition velocity as calculated from
Eq. 4.11 and using the fluxes derived with LOCAL, MOST and MOST+RSL and the observed
evolution of the ozone-mixing at the highest level above the canopy. Although the diurnal evolution of the deposition velocity often shows positive and negative values (meaning deposition and
emission of ozone), the daily average (and especially under well-mixed conditions) shows positive values for all methods (deposition of ozone). We note that the negative values in the deposition

118

4B. APPENDIX: PARAMETERIZING OZONE FLUXES ABOVE CHATS CANOPY
velocity are unphysical and result of the calculations using the applied method. As already mentioned, the irregular diurnal patterns are likely due to averaging (30 minutes) too short to capture
the dynamic behavior of the ozone exchange between the canopy and the overlying atmosphere.
Again, the MOST+RSL method is more consistent magnitude than the standard MOST when
compared to the LOCAL method.
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5

General discussion and future
recommendations
In this chapter, we discuss our findings on the exchange of energy, momentum and reactive
compounds between high vegetation and the atmosphere in a broader perspective by connecting and relating them to previous research in this field. Based on the findings and the gained
experience during this thesis, we provide recommendations for future studies. Here, we mainly
focus on how this current investigation can continue by adding conditions and mechanisms,
which are potentially important for the subject. More specifically, and extending on our results presented at Chapters 2, 3 and 4, we focus on the role of canopy sparsity, the impact of
chemical transformations for emitted or deposited reactive compounds near the canopy, as
well as the influence of non-local atmospheric phenomena in interpreting measurements and
modelling above the canopy.

Our discussion points are anchored by the conservation equation of a generic variable , which
is applied above high vegetation (e.g. forests, orchards, vineyards, cornfields). The temporal evolution of boundary-layer (thermo)dynamic variables (e.g. ϕ ≡ U, θ, q) and atmospheric reactive
constituents (e.g. ϕ ≡ [O3 ], [NO], [NO2 ]) above the Earth’s surface reads (e.g., Jacobson 2005;
Stull 2009; Seinfeld and Pandis 2016):
∂ϕ
∂w0 ϕ0
∂ϕ
∂ϕ
= −
+ S ϕ − (u
+ v ).
|{z}
∂t
∂z
∂x
∂y
|{z}
| {z }
|
{z
}
III
I

II

IV

(5.1)
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Equation 5.1 quantifies the variation of the variable ϕ under consideration over time ϕ(z, t) (I),
which depends on the divergence of the turbulent flux (II), the source/sink vertical distribution of
(III), and advective processes (IV). Equation (5.1) encapsulates all the processes treated in this
thesis and helps us to frame the discussion.
As introduced in Chapters 1 and 2, the most common way to parameterize the turbulent fluxes
(II) in atmospheric models (Eq. (5.1)) is to relate them to the corresponding mean gradients using
the turbulent exchange coefficient of ϕ, Kϕ (known as K-theory) (e.g. Kaimal and Finnigan 1994):
w0 ϕ0 = −Kϕ

∂ϕ
∂z

(5.2)

Based on the surface similarity theory (Monin and Obukhov 1954), Kϕ is then calculated as:
Kϕ =

κzu∗
.
φϕMOS T

(5.3)

where κ is the von Kármán constant, represents the height above the displacement height, u∗ is
the local friction velocity and φϕMOS T is dimensionless stability function (Högström 1988). It is
important to note that this is the most common way to parameterize (model) the surface-layer
turbulence in meso- and large-scale models (e.g. WRF, IFS). One of the main drawbacks when
applying the K-theory however is related to parameterization of physical and chemical processes
describing the complex flow within and just above canopies and their oversimplification. In this
thesis study, we investigated how high vegetation influences the exchange of energy, momentum
and reactive compounds. Thus, following Harman and Finnigan (2007; 2008), we used a modified
MOST formulation for Kϕ (Eq. 5.3) by adding an additional function, φ̂ϕRS L , to account for the
canopy effects in the flux-gradient relationships (see Chapter 2 and 4):
Kϕ =

κzu∗
.
φϕMOS T φ̂ϕRS L

(5.4)

Since we mainly focused our investigation on convective boundary layers (CBL), the use of
the mixed-layer theory (e.g., Lilly 1968; Deardorff 1979) is applied to simplify Eq. (5.1) (see
Chapters 3 and 4), while still retaining the main physical properties of the CBL.
Next to modelling, our method also used intensive and detailed measurements of micrometeorology and chemistry gathered during the Canopy Horizontal Array Turbulence Study (CHATS,
Patton et al. 2011). The measurement campaign, and therefore the analysis, was done under
leafless and leafy conditions. Our findings showed that the exchange of momentum, heat and
moisture quantities within the roughness sublayer (quantified through Kϕ ) strongly depends on
canopy sparsity/density and atmospheric stratification (Chapter 2). Since Kϕ is commonly used
to parameterize the surface fluxes (for instance Eq. 5.2 with Eq. 5.3), and the latter are the lower
boundary conditions in atmospheric models, it is important to investigate how the differences
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in Kϕ , based on sparsity/density, affects the modelled surface fluxes and consequently the CBL
(thermo)dynamics (Eq. 5.1). We further discuss these effects in Sections 5.1 and 5.2.
Furthermore, since the most relevant sources and sinks (III in Eq. 5.1) of chemical compounds
are around the canopy, in Chapter 4 we focused our attention on quantifying the relevance of the
chemistry in representing the budget of reactants (focusing on O3 , NO, NO2 ) over the CHATS
canopy site. In Section 5.3, we further elaborate on how the chemical transformations influence
the fluxes and source/sink distribution in Eq. (5.1). We extended the study by investigating the
coupling between the surface fluxes, affected by high canopy, and the boundary-layer dynamics
including large-scale effects, like mean vertical subsidence motions and/or the horizontal advection of heat and moisture (e.g. IV in Eq. 5.1). In doing so, we were able to obtain a complete
interpretation of the diurnal variability of surface fluxes, boundary-layer height and the boundarylayer state variables in an integrated manner for the proposed case studies (e.g. Chapter 3). In
the following, we focus on discussing these finding in relation to the concepts and processes that
are still not well understood, and were not, or only partially treated in this study, but may have an
impact on our findings. The main points treated here are related to:
1) the role of canopy sparsity and its impact on exchange fluxes and the boundary-layer dynamics;
2) the impact of atmospheric stability on exchange fluxes;
3) the influence of turbulence on mixing efficiency of chemically active species, and
4) the interaction between the surface processes, affected by canopy, and larger-scale processes
such as advection and/or subsidence within the CBL system.
We close the chapter by providing an outlook on possible research paths to continue the current investigation.

5.1

From dense to sparse canopies

The atmospheric flows over the land surface in absence of canopy follow the rough-wall boundary
layer . Under the presence of dense canopy (all the momentum absorbed by the upper part of the
canopy), the flow within and just above the canopy is influenced by the roughness elements and
behaves as a perturbed mixed layer (Raupach et al. 1996). Under these conditions the atmospheric
flow is characterized by a strong inflection point of the mean wind velocity profile near the canopy
top (Finnigan et al. 2009; Patton and Finnigan 2013) (see also Fig. 1.2 in Chapter 1). This
perturbation however depends strongly on the density of the roughness elements. Dense canopies
can be roughly seen as one large roughness element, whereas less dense or sparse canopies act as a
porous media. In the following, we will elaborate how sparsity can be included in the roughnesssublayer parameterization used in Chapter 3 and 4.
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By performing a flume experiment, Poggi et al. (2004) investigated the effects of intermediate
(between rough-wall boundary layer and perturbed mixed layer) canopy density on the flow within
the roughness sublayer. In their study, Poggi et al. (2004) provided a simple model formulation to
account for the disturbed turbulent mixing in the vicinity of the canopy. Their model was based on
the length scale related to the vortex size at the canopy-atmosphere interface (L s = U/[dU/dz])
(Raupach et al. 1996). This length scale however was never tested and evaluated on a real
canopy study. Extending on the Poggi et al. (2004) study, Harman and Finnigan (2007; 2008)
developed a model, based on their roughness-sublayer theory, to account for the canopy disturbed
turbulence within and just above the canopy. The RSL theory developed by Harman and Finnigan
(2007; 2008) is here interpreted as a modification to the traditional similarity theory (Monin and
Obukhov 1954) to account for the effects of the canopy on the flux-gradient relationships. Based
on Harman and Finnigan’s (2007; 2008) RSL theory, there are two additional scales that define the
vortex size (thickness): the ratio between the friction velocity and the mean wind at canopy top,
β = u∗ /U, and the canopy adjustment length, Lc , which is a function of the drag coefficient and
the one-sided plant area density (Lc = [cd a]−1 ). These two scales define the displacement height
and the roughness length for momentum and scalars (Harman and Finnigan 2007; 2008), which
based on their model are stability dependent variables and not constants. The influence of canopy
sparsity is introduced via the LAI, affecting the RSL scales β and Lc (see Table 5.1), which in turn
affect the displacement height and the roughness length (Harman and Finnigan 2007; 2008).
Our approach and measurement data enable us to study the impact of canopy density/sparsity
on turbulence. In Chapter 2, we consider a leafless canopy as a sparse canopy with a cumulative
leaf area index LAI = 0.75, whereas the canopy following the leaf-out represents a dense canopy
with LAI = 2.5 (Table 5.1). By applying the RSL model (Harman and Finnigan 2007; 2008), and
evaluating it against the CHATS dataset for the orchard canopy before and after leaf-out (Patton
et al. 2011), we studied the changes of the turbulent mixing (via Kϕ , see Eq. 5.3 in connection
with Eq. 5.4) under leafless and leaf-out conditions for all measured atmospheric stability classes
(see Chapter 2). To show the sensitivity of turbulence on canopy sparsity, we extend the study
of Chapter 2 in this discussion chapter. The objective of this analysis is to investigate and show
how high vegetation with different canopy density/sparsity affects the CBL dynamics. To answer
this, we applied the MXL model with incorporated RSL parameterization when calculating the
surface fluxes (see Chapter 3). We investigate the difference between leaf conditions by changing
the LAI of the CHATS canopy before and after leaf-out. To represent the dense canopy, we use
the already developed study case in Chapter 3 that focusing on canopy after leaf-out (LAI = 2.5).
To represent the sparse canopy, we use the information (measurements) for the LAI of the CHATS
canopy before leaf-out (LAI=0.75) (see also Chapter 2). Other than this, the numerical run for
the sparse canopy (or canopy before leaf-out) uses the same initial and boundary conditions as
the numerical experiment for the dense canopy (or canopy after leaf-out). This kind of setting
for the leafless canopy is of course an idealize case. Yet we use the idealized case to perform the
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Table 5.1: Differences in the numerical experiments set up for the canopy and roughness sublayer
properties before and after leaf-out; β and Lc are calculated based on the CHATS measurements;
the values for the vegetation fraction, cveg , are taken in accordance to ECMWF IFS Documentation CY41R1 (Part IV: Physical processes, Table 8.1).

Before leaf-out (sparse)
Aftar leaf-out (danse)

LAI [m2 m−2 ]
0.75
2.5

β = u∗ /U [-]
0.2
0.3

Lc [m]
52
16

numerical experiment to represent the sparse canopy due to the following two reasons:
i) because we are interested only in investigating the canopy density/sparsity effects on the
CBL dynamics as represented through the RSL parameterization in the MXL model;
ii) because a new realistic case for canopy before leaf-out would bring additional uncertainty
when comparing and discussing the results of the two case studies (leafless and canopy with
leaves). This is due to the difference in the results between the two cases then being dependent on additional processes, such as radiative forcing, soil properties and large scale
forcing.
Because of these reasons, we consider that the setup of the numerical experiment for leasless canopy based on an idealized case will suffice for our analysis. Table 5.1 summarizes the
differences in the numerical set up for both experiments. The initial conditions of the numerical
experiments are equal to the ones for the case study presented in Chapter 3 (see Appendix 3A).
Figure 5.1 shows the effect of canopy sparsity/density on the temporal variation of surface
friction velocity and the mixed-layer mean wind velocity. In addition, the impact of canopy
sparsity/density on the modelled temporal evolution of surface fluxes shown via the Bowen ratio,
boundary-layer height, as well as the boundary state variables (e.g. potential temperature and
specific humidity) is presented in Fig. 5.2 (a through d, respectively).
Figure 5.1a shows that the modelled friction velocity is lower for the case before leaf-out
than after leaf-out. This is because the sparse canopy creates less shear compared to denser
canopy (e.g. Raupach 1992). The larger differences between the values of the friction velocity
in the beginning of the numerical runs, with tendency to equalise by the end of the run, can be
explained with the fact that the friction velocity is calculated as a function of the mean wind and
the drag coefficient for momentum. The lower friction velocity for the sparse canopy condition
in the beginning of the experiment is due to a lower drag coefficient for momentum (see Chapter
3). The temporal variation in the mixed-layer mean wind speed between the sparse and the dense
experiments (Fig. 5.1b) shows exactly the opposite trend: stronger wind speed over the sparse
canopy increasing in time due to smaller drag). Consequently, the resulting friction velocity,
calculated as a product of the wind speed and the square root of the drag coefficient of momentum
(see Chapter 3), compensates the differences in the mean wind and the momentum drag.
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Figure 5.1: Diurnal evolution of (a) friction velocity and (b) the mixed-layer mean wind speed at
19 m above the canopy before (LAI = 0.7) and after leaf-out (LAI = 2.5) (Table 5.1).
The changes from denser to sparser canopy significantly modifies the Bowen ratio, which in
our case ranges from 0.25 to around unity by the end of the day (Fig. 5.2a). This is expected
since the changes in vegetation fraction change the evapotranspirative exchange and strongly
affect the latent heat flux. (e.g. Baldocchi et al. 2004; Kochendorfer and Ramírez 2008). The
sparse canopy allows more solar insolation reaching the soil and thus generates stronger and faster
sensible heat exchange (see Chapter 2) between the land surface and the atmosphere (Lawrence
et al. 2007). This, of course, will depend on the soil properties and plant ecophysiology, which
in our experiments remained equal. In this particular demonstration, the boundary layer grows
deeper (Fig. 5.2b) due to changes in energy partitioning; the mixed-layer air is warmer and drier
(Fig. 5.2c and 5.2d).
To summarize the results of the experiments, a sparser canopy yields increased mean wind,
potential temperature, friction velocity and sensible heat partitioning, but decreases the specific
humidity and the latent heat partitioning, thus increasing the boundary layer height. The analysis
performed in this discussion, in which the canopy is treated as an integrated property of the CBL
system, indicates that the vegetation density/sparsity has relevant impacts on the surface energy
balance, and in consequence on the CBL dynamics.
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Figure 5.2: Diurnal evolution of (a) Bowen ratio, (b) boundary-layer height, (c) potential temperature and (d) specific humidity. Values in a ,c, and d are evaluated at 6 m above the canopy
before (LAI = 0.75) and after leaf-out (LAI = 2.5) (Table 5.1).
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5.2

From near-neutral conditions to increased atmospheric (in)stability

Vertical fluxes within the roughness sublayer are dependent on the turbulent structure at the
canopy-atmosphere interface (Gao et al. 1989; Raupach et al. 1996; Finnigan et al. 2009).
As already mentioned, this shear driven turbulence is parameterized by using the thickness of the
vortices cantered at the canopy top as a relevant scale within the RSL under near-neutral conditions (Harman and Finnigan 2007). In Chapter 2 by applying the RSL theory, we showed that it
improves the turbulence parametrization for different canopy sparsity/density under near-neutral
and weakly-unstable and weakly stable conditions. By using large eddy simulations, it was recently shown however that the turbulent structures within the RSL are strongly influenced by
the larger atmospheric boundary-layer motions under free convection (Patton et al. 2016). This
means that the effective exchange fluxes (II in Eq. 5.1) are influenced by these convective motions (Zilitinkevich et al. 2006), and have an effect on the entire boundary-layer system (Eq. 5.1).
Therefore, there is a need of an additional turbulent scale in the RSL parameterization (next to β
and Lc see Sect. 5.1) to account for the atmospheric boundary-layer motion (buoyancy driven) effects. It is important to note that while we mainly focus our thesis study on convective conditions,
the turbulent structure within the RSL under stable conditions is also affected by the intermittent
turbulence (e.g., Hollinger and Richardson 2005; Acevedo et al. 2006; Van Gorsel et al. 2011;
Oliveira et al. 2013; Santos et al. 2016).
The existing RSL theory (parameterization) does not account for the boundary-layer scale
motions (related to entrainment of warm and dry air) and intermittent transport that influences
the turbulent exchange in the RSL, since these processes are still not well understood. A promising theoretical framework developed by Zilitinkevich et al. (2006) to account for the influence of large-scale convective motions on surface layer turbulence can be potentially extended
to the roughness sublayer by incorporating and modifying the existing RSL theory (Harman and
Finnigan 2007; 2008). In order to account for the intermittent transport under stable/nocturnal
conditions, stochastic approaches are likely more appropriate (e.g. Monahan et al. 2015; Vercauteren and Klein 2015), since the nature of this intermittency is usually random and – more
importantly – the mechanism not fully understood, and therefore difficult to capture with existing
parameterizations.

5.3

From passive to active chemical transformation in and above canopies

The biosphere-atmosphere exchange of reactive compounds plays an important role in air quality
and climate change by influencing global biogeochemical cycles, regulating the atmosphere’s
oxidation capacity, and moderating ozone and aerosol production (Fehsenfeld et al. 1992). The
main mechanisms in this exchange include interactions between biogenic emissions, deposition,
chemistry and turbulent transport (Seinfeld and Pandis 2016). Tall canopies are sources of reactive
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carbon (Cr ) and reactive nitrogen (Nr ) compounds which control the oxidizing capacity, reflected
by concentrations of the atmosphere’s main ’detergent’, the hydroxyl radical (OH), and result
in the production (or destruction) of ozone (O3 ) and biogenic aerosols (Fehsenfeld et al. 1992).
The effective emissions (i.e. the fraction of the primary emissions that leaves the canopy into
the atmospheric boundary layer) of Cr and Nr compounds differ depending on their chemical
lifetimes and the turbulent transport timescale (e.g. Foken et al. 2012).
Above vegetation, Cr enters the atmosphere in form of biogenic volatile organic compounds
(BVOC) (Fuentes et al. 2000), such as isoprene and monoterpenes and higher terpenes as a
function of plant species, sunlight and temperature (Guenther et al. 2000). These BVOCs are
oxidized by OH but also by O3 and NO3 . Consequently, increases in BVOC emissions, e.g., due to
climate change, would generally result in a reduction of the oxidative capacity of the atmosphere,
but this also depends on the pathway of the BVOCs oxidation (Lelieveld et al. 2008).
Soil microbial processes are major sources of natural Nr , resulting in the emissions of nitric
oxide (NO) (Guenther et al. 2000; Ganzeveld and Lelieveld 2004). The emitted NO reacts faster
with O3 (characteristic time scale is minutes) resulting in the production of nitrogen dioxide
(NO2 ). The latter is removed by dry deposition resulting in an effective release of NO x (NO +
NO2 ) into the atmosphere that can be less than 50 % of the NO emitted by the soil (e.g. Ganzeveld
et al. 2002). This is of particular relevance because NOx acts as a key catalyst in the formation of
O3 . In addition, NO x is involved in the production of OH, demonstrating the intrinsic links that
exist between the atmosphere-biosphere exchanges of Nr , Cr , and O3 .
Another important process related to canopy-atmosphere exchange of Nr , Cr , and O3 is the
removal of trace gases and aerosols by the vegetation and soil surfaces through dry deposition.
Trace gases are transported to the surfaces of leafs, trunks and soils by turbulence and are deposited onto these surfaces or taken up by leaf stomata (Seinfeld and Pandis 2016). The biological
controls that influence the uptake of compounds are closely linked to environmental conditions
and include internal CO2 concentration, and leaf temperature (Seinfeld and Pandis 2016).
An important feature of this combined Nr , Cr , and O3 canopy-atmosphere exchange is that a
number of these chemical interactions and processes occur on timescales (tc ) that are comparable
to the turbulent transport timescale (tt ) implying that the effective exchange, as well as canopy
interaction strongly depend on turbulent transport (Patton et al. 2001).
The processes described above suggest the necessity to have an adequate description of the effective fluxes of reactive compounds within and above the canopy. Therefore, in Chapter 4 we discussed the importance of including the canopy effects when calculating the deposition/emission
fluxes of reactive species from their measured concentration profiles within and above the canopy.
To calculate the vertical fluxes of reactive compounds and to account for the canopy RSL effects,
we use Eq. 5.2 and Eq. 5.4.
Although we show improvement in the calculation of the emission/deposition fluxes of reactants within the RSL by comparing with the CHATS data, we also found that the reactant flux
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calculated using the mean gradients of the reactive species strongly vary with height, i.e flux divergence departing from zero (see e.g. Fig. 4.12 in Chapter 4). The reason for this flux divergence
is most likely related to the chemical transformation of reactants. In short, the formation and depletion of species due to reactions create an extra source or sink that modifies the flux between
two points at different heights (between two levels). Several experimental (Duyzer et al. 1983;
Delany et al. 1986; Wesely et al. 1989) and modelling studies (Fitzjarrald and Lenschow 1983;
Gao et al. 1991; Vilà-Guerau de Arellano and Duynkerke 1992) showed that the flux-gradient
relationships based on Eq. 5.2 with Eq. 5.3 are influenced by the chemical transformation of
the reactants. Thus, when calculating vertical fluxes of reactants within the RSL the use of an
additional function φchem is recommended to account for the local sources/sinks due to chemical
transformation of reactants (Vilà-Guerau de Arellano et al. 1995):
Kϕ =

κzu∗
.
φϕMOS T φ̂ϕRS L φchem

(5.5)

where φchem is a function of the ratios of the turbulent and chemistry time scales of the investigated
reactants, as well as the ratios of the vertical fluxes of those reactants (Vilà-Guerau de Arellano
et al. 1995). Consequently, the improved definition of the exchange coefficient within the RSL
should take not only the effects of the atmospheric stability and the tall canopy into account, but
also the effects of the chemical transformation of species to more precisely connect the gradient
of those reactants to the corresponding effective fluxes. The chemical transformation of reactants
affect the surface effective fluxes of these reactants, needed as lower boundaries of an atmospheric
chemistry model (e.g. the second terms in Eq. 5.1) (Vilà-Guerau de Arellano et al. 1995).
Chemistry can also have an effect on the total budget of these reactants in the convective
boundary layer via the source/sink term in Eq. 5.1 due to incomplete mixing (e.g. Schumann
1989; Vilà-Guerau de Arellano and Duynkerke 1993; Gao and Wesely 1994; Sykes et al. 1994;
Krol et al. 2000; Ouwersloot et al. 2011). The statistical variable that describes the effect of these
incomplete mixing effects on chemistry is called intensity of segregation (I s ) (Danckwerts 1952)
defined as:
[c0A c0B ]
,
(5.6)
Is =
[cA ][ cB ]
where cA and cB represent the mixing ratios of reactive compounds A and B respectively; the
rectangular brackets correspond to an average and the prime corresponds to a deviation from
the spatial average. The effects of the segregation is largest when the time scale of the turbulent
mixing is comparable with the time scale of the chemical reactions (e.g. Damköhler 1957). Within
the RSL the transport and chemistry are influenced by non-linear mixing processes which cause
inhomogenities in scalar fields (e.g. Raupach et al. 1996; Katul et al. 1997; Patton et al. 2001),
which potentially influence the segregation of reactants. A number of experimental and modelling
studies investigated the segregation (e.g. Gao et al. 1993; Makar et al. 1999; Patton et al.
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2001; Karl et al. 2007; Butler et al. 2008; Dlugi et al. 2010) within and above high vegetation
(forests). They all reported the importance of the intensity of segregation when studying and
representing the atmospheric reactive constituents in the CBL over high vegetation. Next to the
detailed turbulence observations, it is important for future measurement experiments of reactive
compounds, to include observations of the mean profiles of reactant concentrations together with
variances of their mixing ratios and their vertical fluxes. This allows the evaluation of the intensity
of segregation (Eq. 5.6) and this term can be added to the total budget of the reactants under
investigation.

5.4

From isolated canopy to canopy coupled to larger-scale processes

One of the most innovative aspects of this study is the approach aiming to integrate the tall vegetation within the atmospheric boundary-layer system to represent the CBL dynamics and the
chemistry over an orchard canopy. In the previous two sections, we reported the influence of the
canopy sparsity/density on the parameterization of surface fluxes, reactants, and CBL dynamics.
Other processes, with non-local characteristics, that can influence the exchange of momentum,
energy, and reactive compounds between the canopies and the atmosphere are related to large(meso) scale forcings: advection and/or subsidence. Advection affects the ABL dynamics and
the boundary-layer state variables (see Chapter 3) directly as air masses with different properties
replaces the air of the investigated domain (the last term in Eq. 5.1). Subsidence influences the
CBL system (Eq. 5.1) and the boundary-layer growth as large-scale vertical motions, driven by
the surface topography (return flow motions), can form a stable (high pressure) field above the
mixed layer that usually suppresses the growth of the boundary layer. These large-scale advective
and subsidence processes, driven by the complex topography of the California valley, influence
the CHATS experimental site (Zaremba and Carroll 1999b; Bianco et al. 2011; Mayor 2011).
These large-scale processes affect the diurnal variability of the state variables above the canopy
(Chapter 3 and 4). By using the mixed-layer model, we account for these large-scale processes
by imposing constant values in time for the advection and subsidence driven by the observation
of the boundary-layer height and mixed-layer thermodynamic variables and atmospheric constituents. As a first guess, this approach was sufficient to study the effects of high vegetation
on exchange processes between the canopy and the atmosphere. Other methods should be used,
however, when a more detailed analysis of the combined effects of canopy and large-scale processes on the CBL dynamics is required. For example, analysis of the regional climatology from
mesoscale models (e.g. WRF, WRF-CHEM) with a RSL parameterization incorporated (e.g.
Harman and Finnigan 2007; 2008) can provide information about sea breeze and recirculation
processes due to topography (e.g. Bianco et al. 2011) and their interaction with high vegetation. In addition, direct radio-sounding measurements throughout the entire boundary layer can
also provide important information about these large-scale processes. These measurements can
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also help in more precise initialization and validation of numerical experiments that aim to constrain the budgets of atmospheric quantities. This is important since the main uncertainty in this
study, when studying the budgets of boundary-state variables and reactive compounds, is related
to the lack of knowledge on the initial and boundary conditions in the entrainment zone. For
those reasons, additional measurement campaigns are needed in which detailed observations of
the turbulence and the chemistry within the entire ABL system should be conducted. Next to that,
enabled by increasing computation power, new numerical experiments using LES can support the
measurements and further improve our understanding about the exchange processes of energy,
momentum and passive and active chemical compounds and their role in the climate system.
In closing, it is important to stress that there are current initiatives on experiments and model
studies that aim to investigate (i) the role of sparsity/density on intermittent transport, (ii) chemistry and turbulence interaction and (iii) large-scale processes on CBL dynamics and chemistry.
In that respect it is worth to mention the ongoing GRAPEX project (Grape Remote sensing Atmosphere Profiling and Evapotranspiration eXchange) in which turbulent transport processes in vineyards (as sparse canopies) and their effect on evapotranspiration are studied (Kustas et al. 2016).
Specific focus in this project is placed on studying the intermittent turbulent transport. The ATTO
(Amazonian Tall Tower Observatory) campaign is another relevant project aiming at delivering
ground-breaking findings which will be the basis for improved climate models. Furthermore,
applying high resolution Large Eddy Simulations (LES) on canopy-atmosphere interaction is becoming more widespread. Recent LES studies include coupled chemical transformation schemes
(Li et al. 2016) to study exchange of reactive compounds between canopies and atmosphere. Finally, studying the tall canopy effects in an ABL system and taking the large-scale processes into
account (as presented in this study) is crucial to improve the understanding of exchange processes
between the canopy and the atmosphere. In this line of thought, the RSL theory (Harman and
Finnigan 2007; 2008) (e.g. Eq. 5.4) is currently being implemented in the Community Land
Model (CLM) (e.g. Bonan and Levis 2006) (Dr. Edward (Ned) Patton personal communication),
coordinated and developed by the National Center for Atmospheric Research (NCAR).
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6

Summary
This chapter summarizes the most relevant findings of this PhD research project. As the results
are presented and discussed in detail in Chapters 2 to 5, only the most important conclusions
are presented here.

The systematic investigation in this thesis showed the relevance of the roughness sublayer
(RSL) for the turbulent exchange processes between the atmosphere and the land surface characterized by high vegetation. More specifically, we showed and quantified the effects of the disrupted flow due to canopy on the parameterization of the vertical turbulent fluxes of momentum,
heat, moisture and reactive gases within and above the canopy. The originality of the research lies
in the using real-world case studies and the connection between atmospheric scales, in addition to
the canopy scale. To this end, we elaborated how, and to what extent, the modelled surface fluxes,
affected by the presence of high vegetation with different canopy phenology, impact the diurnal
evolution of the convective boundary-layer (thermo-)dynamics and its reactive chemical composition. In what follows, we briefly summarized the main findings in this thesis, in connection with
the research questions posed at the introduction:
• Question 1: What are the effects of canopy phenology and atmospheric stability on turbulent exchange of energy and momentum within the roughness sublayer?
By extensively analysing the complete data set above the orchard canopy (over a growing
season) from the Canopy Horizontal Array Turbulence Study (CHATS) experiment, we explained
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and discussed in Chapter 2 how the turbulence parameterization within the roughness sublayer is
strongly dependent on canopy-phenology (canopy leaf state) and atmospheric-stability changes,
from unstable to stable conditions. More specifically, the turbulent exchange of momentum and
energy in the roughness sublayer, as quantified by the turbulent exchange coefficient, is largely
affected by the canopy leaf state. Our analysis showed that the turbulent mixing is more intense
under leafless than under full-leaf canopy, especially during unstable and near-neutral conditions.
This is due to the most efficient atmosphere-canopy coupling under leafless canopy conditions.
This was further demonstrated by the analysis on the vorticity thickness (defined as the thickness of the turbulent eddies created at canopy vicinity) – a relevant turbulent length scale in the
roughness sublayer (see Chapter 2). Our findings indicate that using appropriate turbulent (mixing) length scales in the roughness sublayer (vorticity thickness, displacement height), taking the
canopy phenology and atmospheric stability changes into account, is crucial to accurately calculate fluxes from observed mean gradients when applying the flux-gradient relationships in the
roughness sublayer. We further showed that applying such turbulent and canopy scales in the
roughness sublayer parameterization for the canopy-induced modification (Harman and Finnigan
2007; 2008) improves the calculated flux-gradient relationships and thus the turbulent exchange
coefficients, as corroborated with the CHATS observations.
• Question 2: What is the impact of the roughness sublayer in representing the dynamics of
the convective boundary layer?
In Chapter 3, we studied the roughness sublayer in broader perspective by integrating it as
a part of the land-convective boundary-layer system. We did so by integrating a state-of theart roughness sublayer parameterization (as already introduced to answer Question 1) within the
surface scheme of a soil-vegetation-atmosphere mixed-layer model. We selected and represented
two cases with characteristic wind forcing over the CHATS canopy (one case with southerly dominant winds and another case with changing wind direction from northerly to southerly) to ensure
canopy fetch with well-developed roughness sublayer. The model initialization and boundary
conditions were supported by the CHATS observations. Due to the complexity of the CHATS
site, we also considered external large-scale processes such as advection of heat and moisture, as
well as subsidence into the system. Our analysis showed that the CHATS boundary-layer dynamics are largely affected and controlled by the large-scale processes (advection and subsidence)
related to the coastal see breeze and the regional topography. The effect of the canopy and the
roughness sublayer on the CHATS boundary layer dynamics for the investigated case studies was
relatively small (e.g. up to few percent roughness sublayer effect on the boundary layer growth).
This is due to small roughness sublayer effects on surface fluxes. Since in our modelling framework (and normally in land-atmosphere models) all fluxes are forced by the boundary conditions
(sensible and latent heat fluxes are bounded by the available energy, momentum is bounded by
the pressure gradient and the boundary-layer growth), they do not change much if the way of
134

CHAPTER 6. SUMMARY
modelling is changed, but rather their partitioning is changed. In that respect, and specifically for
our case studies, we found that including or omitting the roughness-sublayer effects in the parameterization of the modelled surface fluxes alters the partitioning between the sensible, the latent
and the ground heat fluxes with only few percent. These small variations in the surface fluxes
are related to the way the roughness length and displacement height are used in the parameterization; the roughness sublayer parameterization determines the roughness length and displacement
height as stability depended variables, contrary to the standard similarity theory based on which
these are fixed parameters.
Near the canopy top however, the orchard canopy had a significant impact on the boundary layer state variables (wind speed, potential temperature and specific humidity) and the corresponding turbulent transfer coefficients (drag coefficients for momentum and scalars) near the
canopy top. This finding was supported by the CHATS observations at the canopy height.
Moreover, the sensitivity analysis on canopy and roughness sublayer scales indicated that the
roughness-sublayer effects on the convective boundary-layer dynamics might be significantly larger for taller and denser canopies compared to the 10 m tall orchard canopy in our study. In that
respect, additional real case studies, including variety of canopy types with different characteristics (height and densities), need to be conducted to further support and generalize the conclusions
of this study.
• Question 3: What is the contribution of physical and chemical processes to the ozone
budget above the CHATS canopy, specifically focusing on ozone surface deposition?
The case study of the boundary-layer thermodynamics with southerly dominant winds, studied
in detail in Chapter 3, served as a base to study the roughness-sublayer effects on the ozone budget
over the CHATS canopy in Chapter 4. The roughness sublayer effects on ozone budget (next to
the effects of entrainment, chemistry, advection) are studied via the ozone dry deposition since
the latter is directly influenced by the presence of high vegetation. Thus, we first quantified the
roughness-sublayer effects on retrieved deposition fluxes of ozone (and other reactants) within
and above the canopy. We applied and compared different flux-retrieval methods on the observed
mixing ratios above the CHATS canopy to account for or omit the roughness sublayer effects. We
diagnosed twice-larger magnitude of the deposition fluxes when the roughness sublayer effects are
taken into account in the flux-gradient relationship, compared to the method which neglects these
effects. When applied in the mixed-layer model, this underestimation of the deposition fluxes,
as parameterized via the ozone deposition velocity and the ozone mixing ratios, led to a relevant
overestimation of the ozone diurnal mixing ratio (16% in the daily average), as represented by the
model.
The CHATS chemistry in this study is complex and covers low ozone and high NO x regime.
The altered photostationary state, as quantified by the high Leighton ratio (around 3), indicated
that additional reactions than the triad NO2 -NO-O3 scheme convert NO x to O3 via PO2 . Most
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likely, these pathways involve natural hydrocarbons (volatile organic compounds-VOCs) emitted
by the canopy. As indicated by the ozone budget analysis for the investigated case, in case of
increased VOCs emissions, an outflux of ozone was likely present to ensure low ozone mixing
ratio over CHATS. Although the mixed-layer model again showed to be powerful tool when
studying convective boundary-layer dynamics and chemistry, for more detailed representation of
the ozone-NO x -VOCs chemistry above the CHATS canopy more detailed observations would be
needed.
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