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Abstract

Terrestrial ecosystems, occupying more than 25% of the Earth’s surface, can serve as

‘biological valves’ that regulate the anthropogenic emissions or uptake of atmospheric

aerosol particles and greenhouse gases (GHGs). The significance of GHGs and atmo-

spheric aerosol particles as well as their exchange rates with the terrestrial biosphere

is hardly questioned in climate science. What is the subject of active investigation

(and some debate) is the proper modeling framework that is able to bridge the wide

range of spatiotemporal scales responsible for the aforementioned exchange rates.

The difficulty in developing such a framework is accentuated by the fact that the cli-

mate system is also sensitive to feedbacks from the terrestrial ecosystems - thereby

forming the so-called ‘feedback cycle’. The practical need to reduce uncertainties

when assessing this complex and dynamic feedback cycle motivates the current dis-

sertation. Covering all aspects of this problem are well outside the scope of a single

dissertation. The compass is up-scaling the key biotic and abiotic processes affect-

ing particles and GHGs exchanges from leaf to canopy. This is a necessary first step

common to models aimed at coherently determining aerosol and GHG exchange rates

between the biosphere and the atmosphere and forms the basis for the chapters in this

dissertation. Two over-arching questions frame the dissertation: Q1 - how variations

in leaf area density, leaf size and leaf micro-roughness impact gas exchanges and par-

ticle collection efficiencies within a vegetated medium at the leaf/branch/ecosystem

scales? Q2 - for biologically active scalars, how does the stomatal pathway mod-

iv



ify the emerging picture in Q1? These questions are addressed by a sequence of

model developments and experiments (lab and field) conducted at different scales.

The bridging of scales is then achieved through detailed multi-layered models that

account for nonlinearities across all the main transport pathways. Further research

questions and opportunities for improvements are briefly discussed. It is envisaged

that the work here offers ’embryonic’ steps to the larger problem of mitigation and

adaptation associated with human activities (e.g., anthropogenic emission controls

and land use managements) under current and future climate regimes.
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Introduction

1.1 Background and motivation

As clearly indicated in the Fifth Assessment Report (AR5) by the Intergovernmental

Panel on Climate Change (IPCC), the anthropogenic emissions of greenhouse gases

(GHGs) and atmospheric aerosol particles are the main drivers of climate change

(IPCC, 2013). The mechanisms driving the changes in climate are associated with

how the energy budget of the Earth system is altered by the spatiotemporal distri-

bution of these atmospheric substances. At the global scale, radiative forcing (RF)

represents a measure of the changes in energy fluxes relative to their level in 1750

(i.e., pre-industrial era) due to variations in these drivers. At the top of the atmo-

sphere (TOA), the net RF caused by aerosols is negative suggesting a cooling effect

on the Earth system (Haywood and Schulz, 2007). GHGs, on the other hand, trap

infrared radiation and reduces outgoing radiation from TOA (i.e., positive RF) re-

sulting in a warming effect. The impacts of these two effects on the future climate

are projected to include further increases in air temperature and shifts in rainfall

patterns as well as increases in the frequency and magnitude of droughts (IPCC,
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2013). Hence, mitigation and adaptation actions, guided by a combination of prog-

nostic modeling tools and empirical evidence, are now urgently needed to alleviate

possible adverse effects on both ecosystems and human societies. However, predic-

tions of GHGs and atmospheric aerosol particle concentrations and their interactions

with the land surface remain highly uncertain at virtually all scales. The need to

reduce these uncertainties under present and future climate conditions is the main

motivator for this dissertation.

Common influence of the elevated emissions of GHGs and atmospheric aerosol

particles on the climate system can be reflected by the changes in hydrological cy-

cle (Betts et al., 2007; Gedney et al., 2006; Katul et al., 2012; Menon et al., 2002;

Ramanathan et al., 2001) that dictates the availability of freshwater resources and

the productivity of ecosystems. Thus, the primary source of aforementioned uncer-

tainties can thereby be described by how the complex dynamics of hydrological cycle

are directly or indirectly impacted by the presence of these atmospheric substances.

Unlike GHGs, the light absorbing and scattering properties of aerosols are different

from one species to another. While most aerosols reflect sunlight back to space and

impose a negative RF on TOA (i.e., cooling effect), black carbon (BC) contributes

a positive RF at TOA (i.e., warming effect) through absorption of direct sunlight

and outgoing radiation reflected from the surface or clouds (Haywood and Boucher,

2000). What makes the prediction of aerosol-induced RF that ‘directly’ impacts the

hydrological cycle even more difficult is that the ability to reflect or absorb radia-

tion significantly depends on their locations relative to land surfaces (i.e., horizontal

direction) and clouds (i.e., vertical direction) (Seinfeld, 2008). To be specific, the

actual aerosol-induced RF can be only determined when the local surface albedo and

cloud reflectivity are taken into account. Cloud properties, which affect the energy

budget and the hydrological cycle, can be altered by atmospheric aerosols since they

also serve as a source of cloud condensation nuclei (CCN). CCN allows water vapour
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to condense on it and forms cloud droplet. The increase in the atmospheric con-

centration of CCN enhances the number of cloud droplets and the cloud reflectivity

(i.e., cooling effect; indirect RF) even when the source of CCN is BC. However, to

what extent can the atmospheric aerosols impact precipitation remains highly uncer-

tain. The increasing number of cloud droplets suggests a reduction in droplet radius

that diminishes precipitation efficiency if the amount of available water vapour is

fixed and not impacted by the number concentration of CCN in the cloud (Haywood

and Boucher, 2000; L’Ecuyer et al., 2009). Nevertheless, a large number of CCN

may also enhance the invigoration of convective clouds (i.e., increases in cloud thick-

ness and cloud-top height) and the cloud lifetime (Koren et al., 2012, 2005, 2010;

Lee, 2011; Lee and Feingold, 2010; Li et al., 2011; Rosenfeld et al., 2008), resulting

in an intensification of precipitation rate. All these aerosol-induced effects on the

climate system contribute to the largest uncertainty in global climate predictions

(IPCC, 2013). One of the bottom lines to reduce aerosol-related uncertainty is to

improve the representation of aerosol removal processes. Atmospheric aerosols can

be ‘continuously’ removed by surface obstacles due to gravitational settling (i.e.,

dry deposition) or ‘intermittently’ scavenged by atmospheric hydrometeors (i.e., wet

deposition) (Seinfeld and Pandis, 2006). These two removal processes lead to a rela-

tively short lifetime (i.e., approximately one week) for atmospheric aerosols (Rodhe

et al., 1972). Since dry deposition a priori sets part of the condition required for wet

deposition and represents a continuous removal process, it is the focus of the work

here.

What differentiates GHGs from atmospheric aerosols in terms of the difficulty in

estimating RF is the long lasting and well-mixed nature of GHGs in the atmosphere.

This explains why the global RF caused by GHGs at TOA is relatively well-quantified

under present climate condition (IPCC, 2013). However, the major challenge to pre-

dict future changes in GHGs-induced RF and climate conditions arises from the
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so-called ‘bio-physiological forcing’ through terrestrial ecosystems. That is, their bi-

otic control on gas exchange in response to the climate also contributes feedback

to the climate system, given that atmospheric CO2 as the main warming agent can

be removed by photosynthesis (i.e., assimilation) with inevitable water loss through

stomata (i.e., transpiration) to the dry atmosphere. First, terrestrial ecosystems act

as large carbon reservoirs in the global carbon cycle (Schimel, 1995; Falkowski et al.,

2000). The net carbon uptake by terrestrial ecosystems (i.e., carbon sink) from 1750

to 2011 without considering land use change (i.e., deforestation, afforestation and

reforestation) is estimated by IPCC to be 160 Pg C, approximately 43 % of the

anthropogenic emissions, but with an uncertainty up to �90 Pg C. When land use

change is accounted for, terrestrial ecosystems may become a major carbon source

with an estimate of 30 Pg C carbon released back to the atmosphere; again, the

confidence in this estimate is still low with uncertainties up to �45 Pg C (IPCC,

2013). Transpiration through terrestrial ecosystems also serves as a key component

of water cycle at regional to global scales. A meta-analysis of 81 studies using sap

flux measurements, eddy-covariance and isotopic methods shows that transpiration

contributes to 61 �15% of evapotranspiration and accounts for some 39 �10% of pre-

cipitation on average across many ecosystem types (Schlesinger and Jasechko, 2014).

In water-limited ecosystems, evapotranspiration can even approach 100% of annual

rainfall when transpiration is the dominant factor for water cycle in such ecosystem

type (Budyko, 1971). Thus, the change in future climate conditions is sensitive to the

response of the biotic control on the global carbon and water cycles to the present-

day climate conditions, implying a complex and dynamic feedback cycle between

the terrestrial biosphere and the atmosphere. Under projected climate conditions,

stomatal aperture tends to open less widely with elevated atmospheric CO2 concen-

tration so that transpiration is reduced and the water cycle is subsequently modified

(Gedney et al., 2006; Betts et al., 2007). The modification includes changes in the
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amount of precipitation, runoff and soil wetness and their spatiotemporal patterns,

which in turn impacts assimilation through terrestrial ecosystems and thus CO2 con-

centration left in the atmosphere. The effects of the increase in air temperature and

nutrient availability on estimates in net ecosystem exchange of CO2 (i.e., NEE; the

balance between net ecosystem assimilation and net ecosystem respiration) cannot

be overlooked (Welker et al., 2004; Wu et al., 2011). Hence, how these biotic and abi-

otic mechanisms governing the global carbon and water cycles will be adjusted under

future climate regime has long been an active research problem for water resources

management, food supply and security, ecosystem services and climate change pre-

dictions. What is often disputed, is the precise framework that captures the main

biophysical processes in the soil-plant-atmosphere system constraining gas exchange,

yet remains effective for predicting their response and feedback to the climate condi-

tions. This research need motivates the addition of stomatal controls and hydraulic

constrains on them above and beyond the aerodynamic constraints on aerosol particle

collection by vegetation.

1.2 Main scope

The exchange processes for different scalars and particles within and above a canopy

medium are partly governed by a complex interplay between turbulent transport,

canopy elements, and the ground. How these turbulent transport processes inside

and near the top of a vegetated medium (hereafter this region is referred to as

the canopy sub-layer or CSL) impact the sources or sinks for different scalars (or

particles) at spatial scales ranging from leaf (i.e., the finest scale considered here) to

branch to canopy frames the scope of this dissertation. In particular, the work here

is focused on revising and up-scaling leaf-level equations to canopy scale where both

biotic (e.g., for biologically active gases such as CO2 and water vapor) and abiotic

processes (e.g., for aerosol-sized particles) govern these exchanges.
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With regards to particles, common finding is that the prediction of deposition rate

from previous dry deposition models still largely deviates from empirical studies when

surveying the literature encompassing a wide range of ecosystems and environmental

conditions (Petroff et al., 2008a; Pryor et al., 2008a). One reason for this data-

model discrepancy is that the gradient-diffusion theory (often labeled as K-theory)

is implemented to predict particle turbulent diffusivity from the eddy viscosity of the

flow within the CSL. It has been known for some time that K-theory is problematic

for mass (i.e., CO2 and water vapor) and momentum exchange within the canopy

(Kaimal and Finnigan, 1994; Shaw, 1977), but no clear alternatives that retain the

simplicity of K-theory have been developed or employed in operational models of

particle deposition onto vegetation. K-theory remains the ’workhorse’ model for

mathematically ’closing’ the turbulent fluxes in size-resolved mean particle continuity

equation formulated at an arbitrary layer within the CSL (Bache, 1979a,b, 1984;

Katul et al., 2010a, 2011; Katul and Poggi, 2011; Peters and Eiden, 1992; Petroff

et al., 2008b; Slinn, 1982; Wiman and Agren, 1985). It may also be conjectured

that large deviation between models and measurements may be attributed to the

description of leaf morphology (e.g., differences between broadleaf and coniferous

species as well as leaf micro-roughness) and the flow field within the canopy that

impact some depositional processes (e.g., turbo-phoresis, thermo-phoresis), given

that particle collection by vegetation is governed by the quasi-laminar boundary

layer pinned to leaf surface (i.e., the interaction between the flow adjacent to the leaf

and leaf property).

With regards to biologically active gases, some clues already exist that the present

formulations of sources or sinks accounting for the aerodynamic modification due to

leaf-wind interaction (e.g., at leaf scale) and soil-plant hydrodynamics (e.g., at single-

tree or canopy scale) are perhaps inadequate. The evidence for such inadequacy stems

from inconsistent (or non-monotonic) trends reported between transpiration rates
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(and stomatal conductance) and wind speed (Campbell-Clause, 1998; Chu et al.,

2009; Dixon and Grace, 1984; Gates, 1968; Grace, 1974; Grace et al., 1975; Grace

and Russell, 1982; Pitcairn and Grace, 1984; Todd et al., 1972) and the overestimated

magnitude of hydraulic redistribution predicted by previous models (Neumann and

Cardon, 2012). In fact, all current theories predict a monotonic enhancement in

transpiration rate with increasing wind speed due to a reduction in the thickness of

the quasi-laminar boundary layer with increasing wind but these predictions are not

universally supported by experiments. Whether the causes of such non-monotonic

transpiration-wind speed response is due to abiotic (i.e., quasi-laminar boundary

layer) or biotic (i.e., stomatal) processes or a combination thereof remains to be ex-

plored. To be clear, gas exchange through stomata is a complex problem in its own

right given the significant biotic control imposed by guard cells on gas exchange. The

stomatal pathway is generally the main conduit for CO2 and water vapor exchanges,

but this pathway can be impacted by the same quasi-laminar boundary layer used

to quantify particle deposition onto leaves. The biotic control through stomata is

also impacted by soil water availability through the water potential gradient from

the soil to the leaf, and vice versa. However, models excluding plant water storage

or nocturnal transpiration consistently produce higher estimates of hydraulic redis-

tribution when compared to those reported by empirical studies. It is suggested that

the precise consideration of soil-plant hydrodynamics with leaf-level physiological

and soil-root constraints is required especially when the soil water status is spatially

dynamic.

Here, some of the major challenges to representing the scalar and particle leaf-

exchange processes and up-scaling these leaf-processes to canopy level in large scale

operational models are naively distilled to three inter-related issues: 1) the effects of

leaf morphology (e.g., broadleaf versus needle-like species) and micro-roughness on

leaf surfaces and how these effects impact the response of the quasi-laminar boundary
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layer to wind and radiation load, 2) the use of K-theory when up-scaling leaf processes

to canopy, and 3) the response and feedback of the stomatal controls on leaf-level

gas exchange to the soil-plant hydrodynamics. This is by no means intended to be

an exclusive list of all issues. However, it is envisaged that these issues are common

to many problems intersecting biosphere-atmosphere exchanges (gas and particles),

and hence progress on these three issues will enable progress in other areas such as

chemical production and transformation of particles and reactive gases.

1.3 Dissertation structure

With the background introduction (Section 1.1), the following five chapters are orga-

nized in a manner so as to address the three inter-related issues discussed in Section

1.2 and aim at reducing some uncertainties in predicting the biosphere-atmosphere

exchange of scalars (mainly CO2 and water vapor) and particles at the scales from

leaf to a single-tree or canopy. Laboratory and field experiments are combined

with physical- and biophysiological-based modeling approaches at different scales

to achieve the study objective. The hierarchical structure of this dissertation is il-

lustrated in Figure 1.1 and the goals and methodologies in each chapter are outlined

as follows:

Chapter 2. The effects of leaf area density variation on the particle collection effi-

ciency in the size range of ultrafine particles (UFP)

Based on the work by Huang et al. (2013), how heterogeneity in horizontal leaf area

density (LAD) within the canopy impacts the ultrafine particle (UFP) collection

efficiency at the branch scale is explored in this chapter. To address this goal, wind

tunnel experiments and a particle-size resolving model, which couples the turbulent

flow field within the vegetated volume and the collection efficiency, are presented. In

the wind tunnel, carbonaceous particles within the UFP size range were generated
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Figure 1.1: Schematic outline of the hierarchical structure throughout the disser-
tation.

during a ‘sooting burn’ experiment. Three scenarios were examined in a wind-tunnel

packed with Juniperus chinensis branches: An LAD that was uniformly distributed,

linearly increasing and linearly decreasing along the longitudinal or mean wind direc-

tion. The concentration measurements were conducted at multiple locations within

the vegetated volume to evaluate the performance of the proposed model needed

in discerning the role of LAD heterogeneity on UFP collection. The aerodynamic

attributes modified by the interaction between the leaf and wind speed is also dis-

cussed.

Chapter 3. The effects of leaf size and micro-roughness on the branch-scale collection
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efficiency of ultrafine particles

Building upon the wind tunnel experiments presented in Chapter 2, how leaf size and

leaf microroughness impact the collection efficiency of ultrafine particles (UFP) at

the branch scale is explored in this chapter. A porous media model previously used

to characterize UFP deposition onto conifers (Pinus taeda and Juniperus chinensis)

is employed to interpret these wind tunnel measurements for four different broadleaf

species (Ilex cornuta, Quercus alba, Magnolia grandiflora, and Lonicera fragrantis-

sima) and three wind speed (0.3 � 0.9 m s�1) conditions. A scaling analysis that

utilizes a three-sublayer depositional model is used to illustrate how leaf dimension

and roughness impact the thickness of a quasi-laminar boundary layer pinned to

the leaf surface and subsequently UFP collection efficiency, given the assumptions

that the flow over a leaf resembles that of a flat plate and the leaf microroughness

is embedded within the quasi-laminar boundary layer. The parameterization of the

formulation for UFP boundary layer conductance widely adopted in climate models

is also discussed. This chapter is based on the work by Huang et al. (2015a).

Chapter 4. Particle deposition to forests: An alternative to K-theory

Based on the work by Huang et al. (2014), a multi-layered and size-resolved second-

order closure model for particle deposition to forested canopy is presented in this

chapter. This model employes the mean particle turbulent flux budget as a primary

closure for the particle turbulent flux instead of the flux-gradient closure schemes (or

K-theory). Although K-theory is widely used to model the aerosol sized particle tur-

bulent diffusivity, reported momentum transport in a zero- or counter-mean velocity

gradient flow within open trunk spaces of forests remains prototypical of the failure

of K-theory. The result through this second-order closure model is also evaluated

against the multi-level size-resolved particle fluxes and particle concentration mea-

surements conducted within and above a tall Scots pine forest situated in Hyytiälä,
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Southern Finland. Conditions promoting the failure of K-theory for different particle

sizes and canopy layers, the characteristics of the particle transport processes within

the canopy sub-layer (CSL) and the partitioning of particle deposition onto foliage

and forest floor are further discussed.

Chapter 5. Wind-induced leaf transpiration

While the significance of leaf transpiration (fe) on carbon and water cycling is rarely

disputed, conflicting evidence has been reported on how increasing mean wind speed

(U) impacts fe from leaves. In this chapter, conditions promoting enhancement or

suppression of fe with increasing U for a wide range of environmental conditions are

explored numerically using leaf-level gas exchange theories that combine a stomatal

conductance model based on optimal water use strategies (maximizing the ‘net’ car-

bon gain at a given fe), energy balance considerations, and biochemical demand for

CO2. Sap flow measurements for potted Pachira macrocarpa and Messerschmidia

argentea plants conducted in a wind tunnel across a wide range of U (2 � 8 m s�1)

and two different soil moisture conditions were also employed to assess how fe varies

with increasing U . The radiative forcing imposed in the wind tunnel was only re-

stricted to the lower end of expected field conditions. This chapter is based on the

work by Huang et al. (2015b).

Chapter 6. The role of plant water storage on water fluxes within the coupled soil-

plant system

In addition to buffering plants from water stress during severe droughts, plant water

storage (PWS) alters many features about the spatio-temporal dynamics of water

movement in the soil-plant system. How PWS impacts water dynamics, leaf-level gas

exchange and drought resilience is explored numerically using a multi-layer porous

media model. The model resolves soil-plant hydrodynamics explicitly by coupling

them with leaf-level gas exchange and soil-root inter-facial layers. Novel features of
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the model are the considerations of a coordinated relation between stomatal aper-

ture variation and whole-system hydraulics and the effects of PWS and nocturnal

transpiration (Fe,night) on hydraulic redistribution (HR) in the soil. Considering the

co-occurrence of PWS usage and HR during a single extended dry-down, a wide range

of plant attributes and environmental/soil conditions that may enhance or suppress

plant drought resilience is also discussed.
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2

The effects of leaf area density variation on the
particle collection efficiency in the size range of

ultrafine particles (UFP)

2.1 Introduction

Black carbon (BC), a product from biofuel combustion and fossil-fuel burning, is a

light absorbing and scattering element of aerosols that impacts the global and re-

gional climate systems (Menon et al., 2010; Quaas, 2011; Ramanathan and Carmichael,

2008; Seinfeld, 2008). Hence, it is not surprising that surface removal of BC in the

size range of ultrafine particles (particle diameter   100 nm), hereafter referred to

as UFP, is now becoming a major research topic in climate science (Quaas, 2011)

and air pollution studies. One significant sink for UFP is vegetated surfaces, which

is the main compass of this work. Experiments on particle deposition onto vegetated

surfaces have a long history dating back to 1915, when O’Gara showed that SO2

emissions from elevated smoke stacks induce crop damage (Hosker and Lindberg,

1982; Thomas, 1951). Since then, a large number of theories and experiments were

proposed to estimate the dry particle deposition onto vegetated surfaces (Petroff
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et al., 2008a; Pryor et al., 2008a). The earliest and widely used approach is a ‘big

leaf’ representation of the canopy, which is adopted in air quality and climate models

(Feng, 2008). The ‘compression’ of the canopy vertical dimension, especially the leaf

area density (LAD), and all its concomitant effects into a single effective leaf size and

roughness remains questionable. This may explain some of the large disagreements

between modeled and measured particle deposition onto tall canopies (Pryor et al.,

2009), especially in the UFP size range.

A complication for modeling UFP deposition onto forested ecosystems is the

large number of leaves involved, the complexities in their spatial arrangement, and

the large inhomogeneity in the flow field that necessitate a different type of modeling

approach (Lin et al., 2012). The branch scale, an intermediate between the single leaf

and ecosystem, offers a number of advantages for exploring these issues. The canopy

attributes and aerodynamic properties are approximately uniform at this scale, but

the large number of leaves and their arrangement admit a so-called porous medium

representation. Moreover, the branch scale is amiable to wind-tunnel experiments

that can be effective in examining UFP deposition onto foliage surfaces.

Previous wind-tunnel experiments focused on particle deposition in the accumu-

lation (0.1-2 µm) and coarse (250 µm) modes (Beckett et al., 2000; Freer-Smith et al.,

2004; Little and Wiffen, 1977; Ould-Dada, 2002; Reinap et al., 2009; Wedding et al.,

1975; Wiman, 1981; Wuyts et al., 2008) or at the scale of a single leaf (Wiman,

1981). One wind-tunnel experiment on a single leaf explored the role of leaf surface

roughness (Little and Wiffen, 1977) and showed that rough or ‘hairy leaf’ surfaces

can be several times more efficient at collecting particles than smooth leaf surfaces

suggesting that the leaf microroughness plays a major role. Two species, sunflower

(Helianthus annuus L.) and tulip poplar (Liriodendron tulipifera) were also used to

represent such extremes in leaf surface roughness (Wedding et al., 1975) and similar

enhancements in particle removal with increased leaf microroughness were reported.
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Branch-scale wind-tunnel experiments on UFP removal for a spatially homogeneous

LAD were recently presented (Lin and Khlystov, 2012). Building on these previous

experiments, the collection of carbonaceous UFP generated from burning candles by

a nonuniform canopy medium is examined here using direct particle concentration

measurements along multiple locations within the vegetated volume. A particle-

size resolving model, which couples the turbulent flow field within the vegetation to

the particle collection efficiency for spatially variable LAD, is also proposed. This

model recovers the earlier version described elsewhere (Lin et al., 2012) when LAD

is spatially uniform and retains the analytical tractability for variable LAD that is

longitudinally linear (or quasi-linear). Using a combination of model calculations and

wind-tunnel experiments, the primary objective is to disentangle the aerodynamic

modifications introduced by nonuniformity in LAD from other effects contributing

to the UFP collection mechanism such as modifications in the relation between the

laminar boundary conductance and the Schmidt number at the branch-scale or the

turbulent diffusivity impacting the local UFP concentration. Not every detail rele-

vant to particle-foliage interaction is accounted for in this model; rather, we seek a

parsimonious representation that explains how the UFP collection mechanism and

the key parameters describing it are impacted by spatially nonuniform LAD within

the canopy (see Figure 2.1(b)).

2.2 Experimental system

The UFPs removal efficiency by vegetation, the vegetation attributes, and the aero-

dynamic attributes of the flow field, needed in the calculation of the particle col-

lection, were measured in a wind-tunnel having a 226 cm long test section, an 18

cm tall (� HT ) and a 16 cm wide rectangular cross section (see Figure 2.1) similar

to a setup described elsewhere (Lin et al., 2012). Carbonaceous particles, mainly

black carbon, were generated by burning candles during a ‘sooting burn’ (Fine et al.,
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Figure 2.1: (a) Schematic of the wind-tunnel setup and (b) a photograph of
the wind-tunnel packed with a Juniper branch. Notice that interstices between the
vegetation and the wall of the wind-tunnel are minimized to eliminate any bypass.
The wind direction is from right to left.

1999; Pagels et al., 2009) and mixed with room air inside a large mixing chamber

(30 cm wide, 57 cm high, and 545 cm in length). The mixing of particles and the

turbulent intensity were further enhanced by a fan placed inside the mixing cham-

ber. To reduce unsteadiness and homogenize the mixed aerosol concentration, air

flow was forced to pass through three evenly spaced meshes (grid dimension of 1.5

mm wide by 1.72 mm long) placed 90 cm upstream of the vegetation. By means of

this design, the energy content of the small-scale turbulence is amplified leading to

nearly isotropic condition upstream prior to being intercepted by the vegetation sec-

tion. Thus, the well-mixed condition upstream of the vegetation is rapidly attained

and any preferential particle deposition onto the edge of the vegetation due to low

frequency velocity fluctuations can be minimized (Wedding et al., 1975). Further-

more, the aerosol number concentration of unfiltered room air was roughly constant

(�30%) and small (around 5�103 cm�3), when compared with the generated parti-

cle concentration (around 5.5�104 cm�3 ) in the chamber. As a connection between

the mixing chamber and the wind-tunnel, an aluminum tube (385 cm long and 18

cm in diameter) provided sufficient time for the generated particles to be well-mixed
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with room air and thermally equilibrated to room temperature. Thus, the noise

introduced by unfiltered room air can be neglected.

The experiments did not employ static eliminator or neutralizer when generating

the aerosol particles. Electrostatic force exerted on the charged particles in an exter-

nal electric field may increase dry particle deposition onto the surface (Chang et al.,

2012). In the atmosphere, the electric field near the ground is about 100-200 V m�1

under fair weather conditions (Hinds, 1999; Tammet et al., 2001) and aerosol parti-

cles are neutral or weakly charged in their equilibrium state. Compared with other

deposition mechanisms, the electric deposition of aerosol particles is relatively small

here and can be neglected (Tammet et al., 2001). Likewise, there was no external

electric field imposed on the vegetation in the wind-tunnel. The charge distribution

of ultrafine particles was characterized as nearly in the equilibrium state at room

temperature and most of the charged particles were found only singly charged us-

ing a tandem differential mobility analyzer system (TDMA) (Kim et al., 2005). In

addition, the fraction of charged UFP was small relative to the measurement noise

(measurement error for particle concentration is 10-20%, see Appendix A.1) in the

equilibrium state and the electric deposition is not the key mechanism impacting the

results presented here (Lin et al., 2012).

Juvenile Juniper (Juniperus chinesis) needles were chosen as particle collectors

because of their rigid needle shaped leaf morphology common to several coniferous

evergreen species. An 84 cm (� Lx) long part of test section was evenly separated into

four subsections. Fresh Juniperus chinesis branches were vertically and uniformly

bundled together to be placed in each subsection. Special attention was paid to

eliminate any bypass through the interstices between the vegetation and the wall

of wind-tunnel (see Figure 2.1). The leaf orientation was found using the angle

between the surface of needle leaves and the mean flow and it ranged between 65�

and 125�. Three scenarios were set up in the wind-tunnel: (1) vegetation branches
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that were uniformly distributed across each subsection; (2) LAD that was linearly

increasing, and (3) LAD that was linearly decreasing with downwind distance (see

Figure 2.2(a)). The coefficient of variation for the spatially increasing and decreasing

LAD in the wind-tunnel are 0.265 and 0.321, respectively. It should be noted that

LAD variability at the ecosystem scale within forested canopies often exceeds 200%

in the vertical direction (Katul et al., 2004) and this large variability is one of the

main reasons why horizontal homogeneity in LAD is commonly assumed (Jonckheere

et al., 2004) in multilayered models. Variability in LAD within a given horizontal

layer inside dense forested canopies, especially at the branch scale, was not previously

investigated, at least when compared to the vertical variability (Katul et al., 2011).

Hence, the experiments proposed here better approximate horizontal variability in

LAD within a given canopy layer rather than across all canopy layers (see Figure

2.1(b)). At the other end of spatial scales, the large number of leaves involved at the

branch scale is effective at aggregating the leaf-to-leaf microroughness variations on

particle deposition.

The UFP concentrations were measured through five sampling ports immediately

before and after each subsection using scanning mobility particle sizer (SMPS model

3080 TSI). All five sampling ports were made of 1{4 in. OD copper tubing and sam-

pled from the axial positions of the wind-tunnel. Sampling was not activated until

steady conditions were achieved with respect to the particle number concentration

(1-2 h after burning the candles). Prior to every experiment, the relative trans-

mission efficiency through the five sampling ports was determined in the absence of

vegetation. The particle collection efficiency obtained through the sampling ports

was corrected to account for any differences in deposition. These corrections did not

exceed 10% in any of the experiments here.

The experiments were conducted at three different flow rates resulting in wind

speeds of 0.3, 0.6, and 0.9 ms�1, which are similar to velocities encountered in natural
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Figure 2.2: (a) The measured distribution of LAD within the vegetated section
(left panel) and the measured pressure drop �∆P versus the drag force integrated
with respect to the downwind distance

³x
0
pρLADpu2q dx for the three cases (i.e., uni-

form, linear increasing and linear decreasing LAD) and the three different wind
speeds. The Lx � 0.84 m is the length of the vegetated section. (b) The computed
drag coefficient Cd at different bulk Reynolds number (Re � uinLx{ν) for the three
cases. See measurement uncertainties in Appendix A.4.

settings (Nathan et al., 2011; Stoy et al., 2006). The mean wind speed was driven by

a fan and controlled via an electronic regulator monitored by a vaneometer (model

480 Dwyer) positioned between the meshes and the vegetation. Pressure drop across

each of the four subsections within the vegetated section was measured by a digital

manometer (model 621 TPI). Room air temperature and atmospheric pressure were

obtained near the wind-tunnel exit using a digital thermometer and barometer (Cole-

Parmer YO-90080-02). For each LAD configuration and for each wind speed, the

experiments were completed within two consecutive days to minimize any changes

in leaf shape due to water loss. Each set of experiment (i.e., each LAD distribution

and wind speed) contained seven upstream and seven downstream measurements.

The SMPS scan time was 120 s (90 s upscan/30 s downscan).

Canopy attributes such as leaf area, volume and weight were measured at the

end of each set of UFP concentration measurements. Leaf area was determined first

by acquiring leaf images through a scanner (Epson Perfection V30) with resolution

of 9600 dpi. Then, using the image processing routines in Matlab, image pixels
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were converted into leaf area. Vegetation volume was measured by submerging the

branches and leaves into a 1 L graded cylinder (SIBATA) that was partially filled

with water. The packing density (PD), defined as the ratio of canopy volume to the

volume of the vegetated wind-tunnel section, was then calculated. These vegetation

attributes are summarized in Appendix A.2.

2.3 Theory

2.3.1 Flow field

A Cartesian coordinate xi (x, y, z) system (i � 1, 2, 3) is used with the longitudinal

direction x1 (or x) being aligned in the direction of the mean flow, x2 (or y) being

aligned in the lateral direction, and x3 (or z) is perpendicular to the bottom of

wind-tunnel, ui (u, v, w) denotes the three instantaneous velocity components along

directions xi, overbar represents spatiotemporal averaging, the primed quantities

denote instantaneous fluctuations from the mean quantities and the subindexes i

with repeated indexes imply summation. All the notations and units are listed in

Appendix A.5. Because of the constant flow rate imposed by the setup here, the mean

flow can be assumed stationary (Bu1{Bt � 0, where t is time). The mean longitudinal

momentum and mean continuity equations with zero mean lateral velocity imposed

by the experimental design here are given as (Finnigan, 2000):

u
Bu
Bx � w

Bu
Bz � �1

ρ

BP
Bx � Bu1u1

Bx � Bu1w1

Bz � Fd, (2.1)

Bu
Bx �

Bw
Bz � 0, (2.2)

where P is turbulent perturbation from hydrostatic pressure, Fd is the drag force, ρ is

the mean air density, u1u1 and u1w1 and are the longitudinal velocity variance and the

turbulent stress, respectively. In the absence of mean lateral velocity gradients, as is
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the case here, the conservation of fluid mass implies u (� uin{p1� PDq) � constant

(i.e., PD ! 1) and Bu{Bx � 0 (where uin is the inlet wind velocity) across the

vegetated section. When combined with the no-slip boundary condition at the walls

of the wind-tunnel, the mean continuity equation results in Bw{Bz � 0 and using the

no-slip condition at the wall leads to w � 0. Further, assuming planar homogeneous

velocity statistics in the mean momentum balance, results in Bu1u1{Bx � 0. Based on

these simplifications, the mean longitudinal momentum balance for this wind-tunnel

setup can be reduced to:

�1

ρ

BP
Bx � Bu1w1

Bz � Fd � 0, (2.3)

Integrating Equation 2.3 with respect to height z leads to:

�1

ρ

» HT
0

�BP
Bx


dz �

» HT
0

�Bu1w1

Bz


dz �

» HT
0

Fddz � 0, (2.4)

where HT is the wind-tunnel height. Because the wind-tunnel walls are smooth, much

of the momentum extraction originates from the drag by the vegetation. Hence, the

second term on the LHS of Equation 2.4 can be neglected due to symmetry (i.e.,³HT
0

�Bu1w1{Bz� dz � u1w1 pHT q � u1w1 p0q � 0) when compared to the other terms.

This assumption implies that the ‘effective shear stress (� u1w1)’ is also constant

throughout. The remaining terms are now the drag force and the pressure gradient

resulting in:

�1

ρ

B pP
Bx � pFd � 0, (2.5)

where overhat represents cross-sectional average. The drag force induced by the

canopy elements is mostly expressed by

pFd � CdLADpu2, (2.6)
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where Cd is the local foliage drag coefficient and LAD is the two-sided leaf area

density that varies along x1. Field experiments suggest that Cd varies between 0.1

and 0.3 (Katul et al., 2004). If pu is approximately constant within the vegetated

section, the so-called mean drag coefficient Cd,m (� �³CdLADpu2dx
� { �³LADpu2dx

�
)

approximates the local foliage drag coefficient with Cd � Cd,m � constant (Thom,

1971). Furthermore, the velocity-squared law is used to describe the local momentum

transfer, given as �u1w1 pxq � Cd pxq pu2 pxq (Monteith and Unsworth, 1990; Taylor,

1916; Thom, 1968; Yi, 2008). Note that the effects of an unsteady component of

u1w1 pxq due to random large-scale turbulence is reduced by forcing air to pass through

the three meshes. Hence, the local u� (� � �u1w1�1{2
) can be determined from

pressure drop and wind velocity measurements. That is, starting from measured pu,

B pP {Bx, and LAD, Cd,m can be determined for this setup, followed by an estimate of

local friction velocity u� using u�2 � Cdpu2.

2.3.2 Conservation equation for scalar

Inside the canopy, the time-averaged mean scalar continuity equation for aerosol

particles of diameter dp can be written as (Businger, 1986)

Bc
Bt �

B
Bxiu

1
ic
1 � B

Bxiu
1
ic
1 � Dm

B2

Bx2
i

c� δi3
B
Bxi pvgcq � S, (2.7)

where c is the mean particle concentration for particle diameter dp, Dm is the par-

ticle molecular diffusivity, δi3 is the Kronecker delta (� 1 when i � 3 and zero

otherwise), vg is the particle settling velocity, and S is the local vegetation collection

rate. The terms on the left-hand side represent respectively storage, the advection by

the mean flow, and turbulent flux divergences. The terms on the right-hand side rep-

resent respectively molecular diffusion, particle sedimentation, and sources or sinks

as particles traverse through the foliage as well as any chemical transformations oc-

curring within canopy (if any). In this wind-tunnel setup, steady state ( B{Bt � 0),
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homogeneity in the plane perpendicular to the flow ( B{By � B{Bz � 0), the absence

of subsidence (w � 0), and the minor role of gravitational settling (Litschke and

Kuttler, 2008; Seinfeld and Pandis, 2006) for UFP result in a simplified conservation

equation given as

u
Bc
Bx � Dm

B2c

Bx2
� B
Bxu

1c� S, (2.8)

The turbulent flux u1c1 can be inferred from first-order closure principles so that

the total flux and Equation 2.8 can be represented in an area-averaged manner as

pF � �
� pDm � pDt

	 Bpc
Bx, (2.9)

pu BpcBx � � B
Bx
pF � pS, (2.10)

where pDt is the turbulent diffusivity, usually much larger than pDm for high Reynolds

number flows. The parameters required in Equations 2.9 and 2.10 to model UFP

flux and concentration at multiple locations within the test section for each dp class

are now discussed.

2.3.3 The diffusion terms

The Brownian diffusion term is given as (Seinfeld and Pandis, 2006)

pDm � kbT

3πµdp
Cc, (2.11)

where kb (� 1.38 � 10�23 J K�1) is the Boltzmann constant, T is the absolute

temperature, µ (� ρν) is the dynamic viscosity, where ν is the air kinematic viscosity,

Cc is the Cunningham coefficient given by

Cc � 1� 2λa
dp

�
1.257� 0.4 exp

��1.1dp
2λa




, (2.12)

23



where λa is the mean free path of air molecules. The Cc, also labeled as the slip

correction factor, is usually near unity in the continuum regime (i.e., particle diameter

¡ 1 m). However, much higher values of Cc are associated with UFP slipping between

air molecules. For dp   100 nm, pDm can be 100 times larger than that in continuum

regime but still smaller than pDt.

The particle turbulent diffusivity is related to the so-called eddy viscosity Kt of

the flow by pDt

Kt

�
�

1� τp
τ

	�1

, (2.13)

where τp is the particle time scale and τ is the Lagrangian turbulent time scale. As

suggested elsewhere (Katul et al., 2010a) for UFP, τp{τ ! 1 and pDt � Kt. Hence, the

particle turbulent diffusivity can be modeled from Kt using K-theory for momentum

transfer and the mixing length hypothesis to yield

u1w1 � �Kt

����BuBs
���� , (2.14)

Kt � l2m
Bu
Bs , (2.15)

where lm is the effective mixing length, u is the local velocity within the vegetation

element rather than the cross-sectional average velocity pu, and s is an arbitrary

direction. For completing the estimation of Kt, turbulence theories within canopies

are adopted here to describe lm through its connection to the adjustment length scale

Lc � pCdLADq�1 (Belcher et al., 2003), given as

lm � 2β3lc, (2.16)

where β � 1{3 is derived from a large corpus of data for dense canopies (Poggi

et al., 2004a) (as is the case here for all three LAD configurations). These estimates
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result in Kt � lmu�, where u� �
?
Cdpu2, and Cd is determined from pressure drop

measurements as in Equations 2.5 and 2.6.

2.3.4 Modeling the particle collection mechanism

Particle collection, resulting from the collisions of UFP onto vegetated surfaces per

unit time, is associated with Brownian diffusion, interception, impaction, phoretic

effects, and resuspension or rebound. For particles with diameter of about 1 µm,

interception and impaction are the dominant processes but can be neglected for

UFP (Litschke and Kuttler, 2008; Petroff et al., 2008a; Pryor et al., 2008a). Likewise,

phoretic terms, referring to the tendency for particles to move along the direction

of decreasing turbulent energy, electric field and temperature, may be significant in

certain conditions. Some studies (Katul et al., 2010a) suggested that turbophoresis

appears to be effective when particle sizes exceed 100 nm; hence, turbophoresis should

be minor for UFP. Electrophoresis effect, as stated in the Experimental Section, does

not modify particle collection due to the setup of the wind-tunnel experiment. As

the canopy inside the test section is well-coupled to the room air, thermophoresis

- driven by the temperature difference between leaf skin and air, is minor as well.

Several studies investigated resuspension or rebound of particles onto various surfaces

(Gillette et al., 2004a,b; Nicholson, 1988, 1993; Paw U, 1983; Paw U and Braaten,

1992; Pryor et al., 2008b; Sehmel, 1980b). Though resuspension or rebound can

influence the deposition of large particles with diameters exceeding 5 µm (Gillette

et al., 2004a,b), this phenomenon is likely to be minor for UFP and is neglected. In

the size range of UFP, the main collection mechanism remains Brownian diffusion,

which usually affects very fine particles defined by a size less than 0.1 µm in diameter

(Litschke and Kuttler, 2008; Petroff et al., 2008a; Pryor et al., 2008a). This collection

mechanism is assumed to occur within a quasi-laminar boundary layer close to the
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leaf surface given as:

pS � LADpxq
π

ppcpxq � cLqprbpxq , (2.17)

where LADpxq is the total leaf area density such that the total (two-sided) leaf area

index LAI � ³Lx
0
LADpxqdx (m2 of foliage m�2 of its projected area on the ground);

π adjusts for the single-sided projected area to total surface area of leaves assuming

needle leaves are cylindrical in shape (π has to be modified to account for different

leaf morphology); cL � 0 is the mean particle concentration at the leaf surface, which

is assumed to be an infinite sink; and prb is the local quasi-laminar boundary layer

resistance for particles, determined as (Seinfeld and Pandis, 2006)

prbpxq � �b�u1w1pxq �θS�γc �
�1

, (2.18)

where Sc � ν{ pDm is the Schmidt number, θ and γ and are model parameters (Lin

et al., 2012). Only Brownian diffusion is considered for UFP in Equation 2.18 as

earlier stated. Equation 2.17 shows that LADpxq directly affects pSpxq, but also

has indirect effects via pcpxq that is impacted by Kt and u1w1pxq, and prbpxq that is

also impacted by u1w1pxq and possible variations in θ and γ. Exploring the effects of

spatial variability in LAD on θ and γ has not been conducted in previous experiments

and is one of the main objectives here. One study suggested that θ is an empirical

constant and γ varies with different land cover type (surrogate for surface roughness)

(Zhang et al., 2001). Note that the volume of branches (see Appendix A.2) are

relatively small, and particle deposition onto leaves predominantly contributes to

the total particle deposition rather than twigs (Belot and Gauthier, 1975). Thus,

the particle collection by twigs is not included.

Finally, given the assumptions and simplifications here, the particle collection

efficiency (%) (i.e., fractional concentration collected by vegetation) or particle pen-
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etration (%) (i.e., the percentage of particle concentration through the vegetation)

can be computed for all three cases and across a wide range of wind speeds and

particle sizes as follows:

(i) The measured distribution of LADpxq, wind velocity pu and pressure drop ∆P

are used to compute Cd, u� and the eddy viscosity Kt using Equations 2.5, 2.6, 2.14,

2.15, and 2.16.

(ii) The pDm is then computed from Equations 2.11 and 2.12 using the particle

diameter dp and measured room air temperature T .

(iii) The solution to Equations 2.9, 2.10, 2.17 and 2.18 is obtained provided two

boundary conditions are specified. The upwind boundary condition is selected as

pc0px0q|x0�0 � 1, which means the inlet particle number concentration is steady and

normalized to unity. The second boundary condition at the exit from the vegeta-

tion section is pB2pc0px0qq { pBx2
0q|x0�1 � 0, ensuring no variation in the total flux

beyond the vegetation section (i.e., the deposition on the wind-tunnel walls is minor

as earlier stated). Here, pc0px0q � ppcpxq{pcp0qq, and x0 � x{Lx are the normalized

concentration and downstream distance referenced to the upwind vegetated section.

Note that a nonuniform LAD leads to variable particle turbulent diffusivity pDt and

variable collection term pS in Equations 2.9 and 2.10, and thus no general analytical

solution can be found. An analytical solution can be found assuming linear spatial

variations in LAD and ignoring pDm with respect to pDt (see Appendix A.3). How-

ever, the complete model can be solved numerically accounting for any LAD spatial

distribution.

2.4 Results and discussions

Prior to presenting the effects of nonuniform LAD on measured and modeled UFP

concentration and collection efficiencies, the measured aerodynamic attributes of the

vegetation are discussed in Section 4.1. The performance of the proposed model is
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Figure 2.3: A ‘global comparison’ (i.e., an overall comparison for all the runs)
between measured and modeled vegetation collection efficiency for all data sets. The
dash lines represent the 20% deviation from 1:1 (solid) line and the value of the
coefficient of determination, R2, is 0.83 (p   0.01).

then examined in Section 4.2 using the empirical parameters θ � 3 (Zhang et al.,

2001; Held et al., 2006) and γ � 0.83 (Lin et al., 2012) (γ � 0.81) (Held et al., 2006)

taken from the literature. The parameters θ and γ are then determined by optimizing

the model results to match the within canopy concentration measurements across all

runs and all positions. The outcome is discussed in the context of a UFP being at

the transition between inertial particles and gases in Section 4.3.

2.4.1 Aerodynamic attributes and the edge effect

How Cd is impacted by the nonuniformity in LADpxq across various wind speeds is

presented first because Cd partially determines Lc, lm, u1w1pxq and hence Kt (i.e.,

the aerodynamic attributes and the particle collection). The pressure drop ∆P �

� ³x
0

�
B pP {Bx	 dx versus the drag force

³x
0
pρLADpu2q dx integrated with respect to the
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downwind distance for the three cases and three different wind speeds are shown in

Figure 2.2(a) across each section. Due to a nearly constant pu inside the vegetated

section, variations in LAD modify the ∆P within the vegetation though a quasi-

linear relation between the integrated drag force and ∆P appears to be maintained

as predicted by Equation 2.5. In Figure 2.2(a), the ∆P also deviates mildly from

the integrated drag force in the first upwind subsection when compared to the rest

of the vegetated section. This muted response can be partly attributed to edge

effects immediately before and after the leading edge of the vegetation. Before being

intercepted by the vegetation, an adverse pressure gradient upwind of the vegetation

section (within some 3Lc) builds up, which is the same as the length of the adjustment

region discussed elsewhere in forest edges and gaps (Belcher et al., 2003). Although

the Lc (�0.0021-0.0079 m) is small relative to the length of the entire vegetation

section (due to the high LAI, see Appendix A.2), the edge can affect the measured

mean pressure gradient of the first section as shown in Figure 2.2(a). However,

for estimating Cd, the edge effects on Cd can be ignored and a single regression

slope calculated from Figure 2.2(a) remains sufficiently adequate. The computed

Cd at different bulk Reynolds numbers (Re � uinLx{ν) are presented in Figure

2.2(b). The overall trend in Cd reduction with increasing Re appears consistent

with other studies that conducted measurements for rigid cylinders having uniform

frontal area in a water flume (Poggi et al., 2004a) or the directly measured Cd for

small conifer trees (Grant and Nickling, 1998). Another study showed that similar

trends in Cd emerged for various wind velocities exerted on a single artificial leaf by

varying the angle between the leaf and the wind (Thom, 1968). That is, some of

the Re dependence is attributed to the angle of attack (and thus the frontal shape

of the leaf), and less on the magnitude of the wind. In general, the decline in Cd at

higher Re results from the (i) so-called sheltering effect caused by neighboring foliage

elements(Thom, 1971), (ii) alignment of the elastic elements along the streamline
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(Finnigan, 2000; Brunet et al., 1994; Molina-Aiz et al., 2006; Raupach and Thom,

1981), and (iii) frontal shape and the size of the elements (Monteith and Unsworth,

1990). The Cd computed here includes both viscous drag cv and form drag cf , and

some viscous effects cannot be entirely precluded. Some of the decline in Cd with

increasing wind velocity can also be attributed to sheltering effects expected for such

high PD and decreasing cv with increasing Re. The drag-reducing realignment to the

mean streamline is likely to be small here because the vegetation was tightly packed

(i.e., no available space for realignment) and the leaves were sufficiently rigid. Due

to the higher sheltering effects introduced by the higher PD, a lower Cd is expected

for Juniper at the same Re as the one reported in a similar wind-tunnel study where

the LAI and PD were lower (Lin and Khlystov, 2012).

Figure 2.4: The relation between the cumulative LAD and overall particle collec-
tion efficiency for (a) uniform, (b) linear increasing, and (c) linear decreasing LAD.
See also Appendix A.1. Note that points and solid lines represent measured and
modeled results, respectively.
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2.4.2 Particle collection efficiency

When modeling the particle collection efficiency, two parameters must be a priori

specified in the Brownian diffusion collection term: θ and γ. As discussed elsewhere

(Lin et al., 2012; Zhang et al., 2001; Held et al., 2006) the parameters θ and γ

are first taken to be 3 (Zhang et al., 2001; Held et al., 2006) and 0.83 (Lin et al.,

2012), respectively. Using this combination of parameters for the collection term,

good agreement can be found between the model calculations and the wind-tunnel

measurements for all three cases and across a wide range of wind speeds and particle

sizes (see Figure 2.3). A one-to-one comparison for all runs shown in Figure 2.3

indicates that the model agrees with the measurements to within 20% for most data

points (i.e., 83.15% of all data points, see Appendix A.1). The root-mean-square

percentage error (RMSPE) between modeled and measured penetration can be

defined as

RMSPE �
gffe 1

N

Ņ

i�1

residuei
2 � 100, (2.19)

where N is the number of the data. Thus, the RMSPE between modeled and mea-

sured penetration at multiple downwind distances for different wind velocities, dp

and LADpxq is 8.93% when all data points are combined (see Appendix A.1). The

RMSPE for γ � 0.81 (Held et al., 2006) is 9.50%. Figure 2.4 shows the relation

between the cumulative LAI � ³x
0
LADpxqdx and the overall particle collection ef-

ficiency, which is the average collection efficiency across all the range of dp. From

Figure 2.4, it is evident that both measured and modeled particle collection efficien-

cies increase with cumulative LAD and decrease with wind speed, though ‘deviations’

from the curves in the first subsection for the decreasing LADpxq case are due to

overestimation of particle penetration for some particle sizes (see Appendix A.1).

This finding demonstrates that once Cd (determined experimentally) is adjusted to
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account for the effects of nonuniformity in LADpxq on the bulk flow as discussed

in Section 4.1, the UFP collection efficiency is primarily controlled by the spatially

integrated LAD. The total particle collection efficiency of the entire vegetated sec-

tion is comparable for all three scenarios (constant, increasing and decreasing LAD)

because of the similarity in total LAI (see Appendix A.2). Furthermore, sensitivity

analysis for the model associated with uncertainties in the input variables (see Ap-

pendix A.4) shows that these uncertainties have minimum impact on the analysis.

A practical outcome of the findings here pertains to the minimum level of details

about horizontal foliage distribution in a thin canopy layer that is needed in multi-

layer models of UFP onto real canopies. The robustness of the removal mechanism

to variations in branch-scale LAD suggests that accounting for the vertical struc-

ture of LADpzq in real canopies may be more important given that u1w1pzq is highly

impacted by the vertical distribution of LAD (Katul et al., 2011) than resolving the

precise foliage distribution within a given canopy layer (i.e., only average LADpxq is

needed).

2.4.3 Parameterization of the collection term

The Brownian vegetation collection mechanism for UFP is governed by the local

quasi-laminar boundary layer resistance prb. Several studies discussed the variations

of the empirical parameters θ and γ for different land cover types and particle sizes

(Lin et al., 2012; Zhang et al., 2001; Held et al., 2006). These two parameters are

further discussed in the context of variable LADpxq. In studies reviewed elsewhere

(Seinfeld and Pandis, 2006), γ is bounded between 0.5 and 0.67 with larger values

associated with rougher surfaces. As discussed elsewhere (Lin et al., 2012), the

optimum values of θ and γ can be determined from a ‘global search’ that minimizes

RMSPE. Using the optimum γ � θ relation shown in Figure 2.5(a), the values of

RMSPE calculated from the difference between modeled results and measurements
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are all approximately 8.3%, which implies that the collection term is not sensitive to

these two parameters when the combination of parameters lies on this γ� θ relation.

Compared with the optimum γ � θ relationship derived elsewhere (Lin et al., 2012)

for Pine and Juniper (shown in Figure 2.5(a)), the primary reason for the downward

shift in this expression is the reduced Cd here, suggesting some dependence on leaf

roughness as previously discussed. The parameter θ is taken to be dependent on the

value of cv{cf (Slinn, 1982), which is expected to vary with a local Reynolds number

and leaf attributes (Katul et al., 2010a). In the low Re regime, the cv contributes

more to Cd; as Re increases, the cv usually decreases and the cf is dominant, leading

to general decrease in Cd and θ. From Figure 2.3 in a previous study (Lin et al.,

2012) and Figure 2.2(b) in this study, the value of cv{cf is expected to be smaller

for the present wind tunnel experiments. This supports the findings in Figure 2.5(a)

that the optimum γ�θ relation may be shifted downward because of a reduced cv{cf .
Assuming

?
u1w1 = 0.3 ms�1 and T � 300 K, Figure 2.5(b) shows the shape of the

relation between the local quasi-laminar boundary layer conductance ga � 1{rb and

the Schmidt number Sc, which is dependent on dp. By using all the combinations

of optimum θ and γ from previous studies (Lin et al., 2012) and this study, ga is

bounded for the UFP size range. The upper and lower boundaries are determined

by θ � 3 and γ � 0.76 for pine (Lin et al., 2012) and θ � 0.3 and γ � 0.53 for

Juniper in this study, respectively. For the field experiment conducted in Norway

spruce (Held et al., 2006), it was shown that the optimum γ � 0.81 (for dp � 3800

nm) when θ � 3. For the size range of UFP, good agreement can be found between

γ determined here and γ inferred from previous studies for θ � 3. Decreasing γ

yields a higher ga, resulting in enhanced Brownian diffusion contribution to particle

deposition (Held et al., 2006). From Figure 2.5(b), note that the γ � 0.56 adopted in

previous studies (Zhang et al., 2001) (for dp � 1�4000 nm) may be too small for UFP
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to appropriately estimate particle deposition onto forests. This underestimation for

γ � 0.56 may explain why several models overestimate the deposition velocity of

particles under 200 nm (Pryor et al., 2008a). For gas, Brownian diffusion is the only

mechanism responsible for deposition and its magnitude should be higher than that

for UFP. As shown in Figure 2.5(b), a higher value of ga accompanied with a smaller

γ � 0.67 is presented for gas (Seinfeld and Pandis, 2006). These arguments suggest

that the value of γ may be dependent on the particle size ‘group’ if one considers UFP

bounded between a ‘gas’ and an ‘inertial particle’ group. In summary, the overall

particle collection efficiency was found to be primarily governed by the spatially

integrated LAD when differences in aerodynamic attributes (e.g., foliage drag) were

accounted for. When combined with earlier studies, the results here suggest that γ

may be linked to a particle size group. However, a broader range of vegetation type

is needed before any generalization can be made.

Figure 2.5: (a) Comparison of optimum γ � θ relation between Lin et al. (2012)
for both Pine (red line) and Juniper (blue line) and this study (data point). Black
line is the 2nd order polynomial regression line θ � 12.56γ2 � 10.86γ � 2.55. (b)
The relation between the local quasi-laminar boundary layer conductance ga and the
Schmidt number Sc for different combination of θ and γ. Note that the Schmidt
number Sc is size dependent.

34



3

The effects of leaf size and micro-roughness on the
branch-scale collection efficiency of ultrafine

particles

3.1 Introduction

While the significance of ultrafine particles (UFP, particles with diameter smaller

than 100 nm) is rarely questioned in climate, air quality, and human health sciences

(Oberdörster, 2001; Oberdörster et al., 2005; Peters et al., 1997), the pathways by

which UFP sources and sinks impact their concentration continue to draw significant

research attention. The sources of UFP are attributed to anthropogenic origins (e.g.,

factory emissions and diesel exhaust from cars (Holmn and Ayala, 2002)) and natural

sources such as biomass burning and gas to particle conversion in the biosphere

(Altshuller, 1985; Buzea et al., 2007; McMurry and Wilson, 1982; Pryor et al., 2008b;

Seinfeld and Pandis, 2006; Zimmerman et al., 1978). One of the main sinks for UFP

over land is the expansive vegetation cover, though fluxes of UFP may be occasionally

bi-directional (Pryor et al., 2008b,a). Given the large areal extent of vegetated

surfaces (Sexton et al., 2013), their contribution to the overall UFP sink is known
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to be of primary importance (Andreae and Crutzen, 1997). Due to the small size of

UFP, the collection mechanism by vegetation is dominated by Brownian diffusion.

The relation between the vegetation collection term (Scv), the leaf-level laminar

boundary layer conductance (ga), the local turbulent friction velocity (uτ ), and the

Schmidt number (Sc) is described by parameters that are presumed to arise from

interaction between the flow adjacent to the leaf and leaf properties. It is precisely

the connections between such parameters, UFP removal efficiency by vegetation,

and leaf properties that has resisted complete treatment and frames the scope of this

work. The relation between Scv, ga, uτ , and Sc is used in virtually all operational

UFP deposition models, whether be they big leaf schemes (Wesely and Hicks, 2000)

in climate models, rough boundary layers used in air quality models (Feng, 2008),

or multi-layered models used in ecosystem studies (Huang et al., 2014; Katul et al.,

2010a; Petroff et al., 2008a,b). Specifically, when ga is expressed as uτθS
�γ
c , the

two empirical parameters θ and γ encoding the interaction between the flow and

leaf morphology must be a priori specified. It was suggested elsewhere (Seinfeld

and Pandis, 2006; Zhang et al., 2001) that a θ � 3 and a γ that varies from 1{2 to

2{3 depending on surface roughness (surrogated to land-cover type) be employed in

operational models for UFP removal. However, major differences between measured

and modeled UFP sinks (Pryor et al., 2009) have already been noted above tall

forested sites when such representation is employed (by factors ranging from 3 to 5).

This discrepancy may be partly attributed to uncertainty in how foliage attributes

impact θ and γ. In fact, recent wind-tunnel experiments (Huang et al., 2013) reported

θ to vary with leaf attributes consistent with earlier work (Slinn, 1982) and γ to vary

with particle size groups. Motivated by a possible dependency of θ and γ on leaf

attributes and particle size, wind-tunnel experiments were conducted here on the

collection efficiency of UFP for four different broadleaf species and then compared

to similar experiments on coniferous species. The UFP concentration measurements
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Figure 3.1: Schematic showing the wind-tunnel setup and how the particle de-
position processes within the vegetated medium is interpreted as a ‘flat’world at the
leaf level. Note that δ is the thickness of the quasi-laminar boundary layer and y�

is the dimensionless distance from the surface (see discussions in Section 3.4.3 and
Appendix B.1), which is defined as y� � yuv{ν where uv is the friction velocity
governed by skin friction and ν is the kinematic viscosity.

were interpreted using a recently proposed porous media model that can be inverted

to infer the relation between Scv, ga, and Sc across various wind speeds for each of the

broadleaf species considered. The porous media model used here was recently shown

to be consistent with previous theories (e.g. Lin et al. (2014)) such as filtration theory

that treats vegetation as fibrous filters (Davidson et al., 1982; Lin and Khlystov,

2012). Also, this model was previously employed to characterize UFP deposition

onto conifers such as pines and junipers (Huang et al., 2013; Lin et al., 2012) thereby

allowing direct comparisons between the findings from the wind tunnel experiments

here and previous findings on coniferous species. Furthermore, the ga deduced from

the experiments here is then linked to leaf size and micro-roughness using a deposition

model that utilizes a prototypical mean velocity and total (molecular and turbulent)

viscosity profiles above smooth flat plates (Browne, 1974; Davies, 1966; Hussein et al.,

2012; Lai and Nazaroff, 2000; Piskunov, 2009; Wood, 1981; Zhao and Wu, 2006a,b).

The goal of this model development is to assist in disentangling how leaf size and

micro-roughness impact θ and γ separately and hence the UFP collection efficiency.
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3.2 Experiment

Figure 3.2: Morphology of the four broadleaf species and the coniferous species
from previous study (Huang et al., 2013) (i.e., Ilex cornuta (Needleholly), Quercus
alba (Oak), Magnolia grandiflora (Magnolia), Lonicera fragrantissima (Fragrantis-
sima), and Juniperus chinensis (Juniper)).

In the wind-tunnel experiment shown in Figure 3.1, four broadleaf species (Ta-

ble 3.1 and Figure 3.2) representing different leaf sizes were selected: Ilex cornuta

(Needleholly), Quercus alba (Oak), Magnolia grandiflora (Magnolia), and Lonicera

fragrantissima (Fragrantissima). The total (two-sided) leaf area index (LAI) (i.e.,

total surface area of the exposed foliage available for deposition) in the present wind

tunnel experiments was arranged to be similar (i.e., 210 � 250 m2 m�2 ) to that of

earlier studies using Juniperus chinensis branches (Huang et al., 2013) so that dif-

ferences in UFP collection between coniferous and broadleaf species can be further

assessed. Description of the wind-tunnel setup can be found elsewhere (Huang et al.,

2013). However, for completeness, salient features of the experiment are repeated.

The UFP were generated by burning candles in a large mixing chamber (30 cm wide,

57 cm high, and 545 cm in length). A fan positioned inside the mixing chamber

was then used to facilitate the mixing of the generated UFP with room air. The

particle number concentration of unfiltered room air, in which the maximum and
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minimum particle number concentration was �30% of 5 � 103 cm�3 in the mixing

chamber, roughly remained constant and negligible compared with the generated

particle concentration from burning candles (approximately 5.5 � 104 cm�3). The

air from the mixing chamber was then drawn into the wind-tunnel (16 cm wide,

18 cm high, and 226 cm in length) through an aluminum tube (385 cm long and

18 cm in diameter) at a constant flow rate. The charge of the UFP entering the

wind-tunnel was close to equilibrium (Buckley et al., 2008) thereby eliminating the

need for a neutralizer. Three plastic mesh screens were placed near the inlet of the

wind-tunnel to ensure that the turbulence was well developed and the UFP mix

is homogenized. A vanometer (model 480 Dwyer) was placed between the meshes

and the broadleaf species to record the time and cross-sectional area averaged wind

speed (Uo) upwind of the vegetated section. A digital thermometer and barometer

(Cole-Parmer YO-9008002) was also placed at the end of the wind-tunnel section

to measure room air temperature (T ) and atmospheric pressure (P ). The vegetated

section contained branches uniformly placed near the exit of the wind-tunnel across

a length Lx � 0.84 m. A Scanning Mobility Particle Sizer (SMPS, model 3080 TSI)

used for obtaining size distribution scans (measured size range is from 12.6 nm to 102

nm) was connected to the two sampling ports located at the beginning and the end

of the test section. Prior to every experiment, UFP loss through the two sampling

ports was separately measured in the absence of vegetation. The particle loss did

not exceed 10% and was accounted for when calculating the UFP vegetation collec-

tion efficiency. For each of the four broadleaf species, particle collection efficiency

was measured for Uo � 0.3, 0.6, and 0.9 m s�1. For each configuration (i.e., each

combination of species type and Uo), seven tests were made. Each test contained

one upstream and one downstream size distribution scan (each scan time was 120 s

consisting of 90 s upscan and 30 s downscan). A dual port digital manometer (model

621 TPI) with two silicon tubes was used to measure the static pressure drop across
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the vegetated section (� Lx). At the end of the experiment, the broadleaf leaves

within the vegetated section were placed in a scanner (Epson Perfection V30) and

Adobe Photoshop CS6 was employed to convert image pixels into leaf area. The total

foliage volume within the test section was determined by submerging the branches

and leaves in water contained in a 1 L graduated cylinder (SIBATA). The broadleaf

foliage volume was then divided by the volume of the test section (0.84 m long by

0.3 m wide by 0.57 m high) to determine the packing density (PD). The foliage

characteristics are summarized in Table 3.1.

Table 3.1: Summary of the vegetation attributes in the present (broadleaf species)
and previous (coniferous) wind tunnel studies.

Species LAI Packing density Shape Length
m2m�2 m3m�3

Ilex cornuta 213 0.063 Partially folded � 5 cm
Quercus alba 237 0.033 Flat � 15 cm
Magnolia grandiflora 210 0.058 Flat � 30 cm
Lonicera fragrantissima 250 0.066 Flat � 5 cm
Juniperus chinesis* 222 0.117 Needle-like � 2 mm
* Similar wind-tunnel setup using Juniper branches by Huang et al. (2013)
Note that the length of the four broadleaf species and Juniper are the average
longest length of leaves and the average diameter, respectively.

3.3 Interpreting the wind-tunnel experiments using a porous media
model

To infer the relation between Scv, ga, and Sc across various Uo and for all four

broadleaf species, a porous media model that upscales from leaf to branch level, is

used. Details about the model formulation and assumptions can be found elsewhere

(Huang et al., 2013). Briefly, this model is based on a size-resolved mean particle

continuity equation that describes the horizontal air movement along Lx and is given

by:

U
BCpxq
Bx � �BFcpxqBx � Scvpxq, (3.1)
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where x is the downstream distance with x � 0 just upstream of the vegetated

section, U � U0{p1 � PDq is the time and area-averaged velocity within the veg-

etated section assumed to be independent of x by virtue of the constant flow rate

used in the experiments, Cpxq is the UFP mean concentration for particles with

diameter dp, Scvpxq is the UFP collection dominated by Brownian diffusion, and

Fcpxq � �pDm � DtqBCpxq{Bx is the combined molecular and turbulent flux with

the latter closed using a gradient-diffusion scheme, Dm � pkBT {3πµdpqCc is the par-

ticle molecular diffusivity (independent of x), kB is the Boltzmann constant, T is

the absolute temperature, µ is the dynamic air viscosity, Cc � 1 � pλa{dpqp2.514 �
0.8 expp�0.55dp{λaqq is the Cunningham coefficient, λa is the mean free path be-

tween air molecules, and Dt � Ktp1 � τp{τq�1 is the particle turbulent diffusivity

related to the turbulent viscosity Kt. The turbulent viscosity is given by Kt � uτ lm

(Prandtl, 1925), where uτ �
a
τo{ρ is a local turbulent friction velocity formed by

both skin friction and form drag, τo is the total stress, ρ is the mean air density, and

lm is the effective mixing length (described later). For UFP, τp{τ ! 1 resulting in

Dt � Kt (Katul et al., 2010a), where τp and τ are the particle and turbulent relax-

ation time scales, respectively. Inside dense vegetated medium, the more restrictive

mixing length on momentum transport is given by lm � 2β3Lc, where the momen-

tum absorption β � 0.3 (Finnigan and Belcher, 2004; Poggi et al., 2004a; Raupach,

1994) and Lc � pCdaq�1 � |BP {Bx|{pρU2q is the adjustment length scale, a is the

total (two-sided) leaf area density approximated as LAI{Lx for uniformly distributed

vegetation, P is the mean pressure, and Cd is a bulk drag coefficient (including both

viscous cv and form cf drag) that can be inferred from the pressure gradient using

Cd � 1

a
r|BP {Bx|{pρU2qs � 1

a

∆P

Lx

1

ρU2
, (3.2)

where ∆P is the measured pressure drop over Lx. For a constant mean wind velocity

inside the vegetated area, the friction velocity can be determined from uτ �
?
CdU2,
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which is based on the velocity-squared law used to describe the local momentum

transfer. Hence, from measured BP {Bx, a � LAI{Lx, PD, and Uo, Cd can be deter-

mined, followed by uτ , lm and Kt as described above. Moreover, the UFP concentra-

tion at leaf surfaces is assumed to be much smaller than the ambient concentration

within the vegetated section for all dp so that the collection term Scv reduces to:

Scv � a

α
gaC, (3.3)

where ga is, as before, the laminar boundary layer conductance on the leaf assuming

Brownian diffusion dominates the UFP collection mechanism (Huang et al., 2013)

and α is a shape factor adjusting the projected area to the total leaf surface area of

leaves. Hence, α � π for needle-like leaves (Huang et al., 2013, 2014; Katul et al.,

2010a, 2011; Lin et al., 2012) and α � 1 for broadleaf species when LAI defined as

two-sided. As noted in the introduction section, ga in operational models for the

vegetated medium is given as (Slinn, 1982):

ga � uτ pθS�γc q, (3.4)

where Sc � ν{Dm is the molecular Schmidt number, ν is the kinematic viscosity

(=µ{ρ), and γ and θ are the two sought-after model parameters (discussed later)

in this wind-tunnel experiment to be related to leaf attributes, micro-roughness or

particle size group (Huang et al., 2013).

After substituting the above parameters into Equation 3.1 and defining the nor-

malized concentration as pCpxq � Cpxq{Cp0q and downstream distance as px � x{Lx,
the normalized mean continuity Equation 3.1 becomes:

B2 pC
Bpx2

� P1
B pC
Bpx �D2 � 0, (3.5)

where P1 � ULx{pDm�Dtq and D2 � pLAIqgaLx{pDm�Dtq are the Peclet and type

2 Damkohler numbers, respectively. Solving Equation 3.5 requires the specification
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of two boundary conditions selected here as pCp0q � 1 and B pC{Bpx |px�1 � 0. For

broadleaf species (i.e., π is excluded) with uniformly distributed a within the test

section, the analytical solution is given by

Cpxq
Cp0q �

pCpxq � exppP1

2
pxq �λ coshpλ

2
ppx� 1qq � P1 sinhpλ

2
ppx� 1qq�

λ coshpλ
2
q � P1 sinhpλ

2
q , (3.6)

where λ �
a

4D2 � P 2
1 . The normalized concentration at the end of the vegetated

section, pCp1q, is equivalent to the so-called penetration ratio (Pe). It can be analyt-

ically determined from Equation 3.6 by setting px � 1 to yield:

Pe � exppP1

2
q

coshpλ
2
q � P1

λ
sinhpλ

2
q . (3.7)

Also, Pe can be related to the UFP collection efficiency (� ε) using Pe � 1� ε.

3.4 Results and discussions

Since the flow properties Lc, lm, Kt, and eventually Pe and ε require Cd, the estimated

Cd for each Uo is first presented for the four broadleaf vegetation types. Next, the

effective θ and γ are determined so that differences between measured and modeled

Pe is minimized for all four species. Finally, the connection between θ and γ as well

as leaf attributes (i.e., size and micro-roughness) are discussed thereby completing

the study objectives.

3.4.1 Branch-scale aerodynamic properties

A major advantage of the wind-tunnel setup here is that Cd can be estimated from Uo,

a and dP {dx thereby enabling the computation of turbulent aerodynamic properties

(i.e., uτ andKt) and subsequently the key parameters related to the particle collection

(i.e., ga and Scv) assumed spatially uniform within the vegetated section. Because

of this spatial uniformity in turbulent aerodynamic properties, the UFP deposition
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can be interpreted as if ga and Scv apply to an effective leaf dimension representing

the aggregate of all leaves comprising a within the test section. How Cd varies with

Uo for the four broadleaf species is first discussed. As shown in Figure 3.3, while

the measured Cd for the three species (i.e., Needleholly, Oak and Fragrantissima)

decreases with increasing bulk Reynolds number (i.e., Re � ULx{ν) and tends to

reach a constant at higher Re (i.e., Uo ¥ 0.6 m s�1), Cd for the Magnolia case appears

to be invariant to the Re variations here. The choice of Lx in the representation of

Re is rather subjective but selected here as an external length scale over which the

pressure drop driving the flow occurs. Other length scales such as the adjustment

length scale or the effective size of eddies responsible for momentum transport may

be even more appropriate (i.e. Lc or lm instead of Lx). However, the estimation of

such length scales requires Cd, which then leads to (artificial) self-correlation between

Cd and Re when such length scales are employed in the Reynolds number definition.

It is for this reason that Re is presented based on Lx instead of local length scales

appropriate to momentum transfer. Based on the Re � ULx{ν, the reduction trend

in Cd with increasing Re may be attributed to several factors including the so-called

‘sheltering effect’ induced by neighboring foliage elements, possible re-alignments of

leaves at higher wind speeds adjusting the frontal shape and main leaf dimension

exposed to the bulk flow, and viscous effects (Brunet et al., 1994; Finnigan, 2000;

Raupach and Thom, 1981; Thom, 1968). These reductions have been noted in a few

previous wind-tunnel studies in which coniferous as well as broadleaf species were

used (Cao et al., 2012; Huang et al., 2013). The Cd values for the broadleaf species

are compared with coniferous species (i.e., Juniper) having similar LAI reported

elsewhere (Huang et al., 2013). The comparison indicates that the Cd for Juniper

falls within the range of these four broadleaf species. It is to be noted that the Cd

reduction for Juniper can be attributed to sheltering effects due to its high PD.

The high PD leaves no space for re-alignments (Huang et al., 2013) (see Table 3.1).
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Figure 3.3: The computed drag coefficient (Cd) at different bulk Reynolds number
(Re � ULx{ν) for the four broadleaf and coniferous species. The previous experi-
ments on Juniper are also added for reference.

For the three broadleaf species here (i.e., Needleholly, Oak and Fragrantissima) with

small PD values (see Table 3.1) and soft texture, the effects of re-alignment along

the mean airflow direction at higher Uo (i.e., higher Re) may be more significant than

sheltering effects resulting in reduced Cd (Molina-Aiz et al., 2006). For Magnolia,

however, the nearly constant Cd (around 0.28) at different Re can be attributed

to the small sheltering effects due to its low PD and firm texture resisting any re-

alignment. However, differences in sheltering effects, re-alignments, leaf morphology,

and micro-roughness on leaf surfaces across species cannot be readily distinguished

here from Cd given its ‘bulk’value. Furthermore, the Cd estimated from the pressure

drop includes both viscous drag cv and form drag cf , and some viscous effects on Cd

cannot be entirely excluded.

3.4.2 Performance of the porous media model for broadleaf species

When modeling Pe, two empirical parameters associated with the particle collection

mechanism for UFP must be a priori specified: θ and γ (discussed later). As sug-
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gested elsewhere (Huang et al., 2013), γ may be sensitive to the particle size class

(i.e., it may be treated as a constant for UFP) while θ may be dependent on leaf

micro-roughness. As a starting point, γ is taken to be 2{3 (deemed appropriate and

justified later for this setup) so as to explore plausible θ values. The performance of

the porous media model in reproducing Pe for the four broadleaf species is discussed

for an optimized θ and γ � 2{3. As noted elsewhere (Lin et al., 2012), the optimum

values of θ for a fixed γ can be determined from a ‘global search’ that minimizes

root-mean squared percent error (RMSPE) between modeled and measured Pe,

which is defined as:

RMSPE �
gffe 1

N

Ņ

i�1

∆i
2 � 100, (3.8)

where N is the number of data points (i.e., four foliage types across three Uo runs and

all particle diameter classes), and ∆i is the difference between measured and modeled

Pe computed from Equation 3.7. For γ � 2{3, optimized θ for the four broadleaf and

coniferous species from previous studies (Huang et al., 2013) are listed in Table 3.2.

These optimized θ values are generally smaller for the four broadleaf species here

when compared to their coniferous counterparts. Using these optimized θ values and

γ � 2{3 for the UFP collection term, the one-to-one Pe comparisons for all runs are

shown in Figure 3.4. This comparison indicates that deviations between modeled and

Table 3.2: The optimized θ values for a fixed γ (� 2{3)
and an order of magnitude estimation for I2.

Species θ 9I2

Ilex cornuta 0.76 1.2
Quercus alba 0.44 0.96
Magnolia grandiflora 0.51 0.94
Lonicera fragrantissima 0.4 1.08
Juniperus chinesis* 0.91 1.59
* Similar wind-tunnel setup using Juniper branches by
Huang et al. (2013)
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measured Pe are within 20% comparable to the measurement error (see also Figure

3.5) for most data points (� 90%). Again, using γ � 2{3 and the optimized θ values

in Table 3.2, Figure 3.5 features the agreement between measured and modeled Pe

across the range of Uo and UFP sizes. The average RMSPE shown here are mostly

less than 15%. The UFP collection efficiency as a whole for the broadleaf species

appears to be smaller than their coniferous counterparts (i.e., Juniper) with similar

LAI � ³Lx
0
adx (see Figure 3 and Figure S1-1 in Huang et al. (2013)) consistent with

previous studies (Beckett et al., 2000; Freer-Smith et al., 2004; Hwang et al., 2011;

Zhang et al., 2001). Besides, Needleholly and Magnolia bracket the most and least

efficient at collecting UFP among the four broadleaf species (see Figure 3.4 and 3.5).

A larger UFP collection efficiency appears to be reflected in a larger optimized θ.

Figure 3.4: Comparison between measured and modeled penetration for the four
broadleaf species and for all particle sizes and wind conditions. The solid line rep-
resents 1 : 1 relation while the dashed line indicates 20% deviation from the solid
line.
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The analysis here suggests that the porous media model with its parameterization for

uτ , lm and Dt can be adequately applied to broadleaf species when the two sought-

after parameters θ and γ are appropriately specified. Thus, these two parameters are

discussed in the context of leaf morphology (primarily leaf dimension) and micro-

roughness on the leaf surface.

Figure 3.5: Comparison between measured and modeled penetration (Pe) as a
function of particle diameter (dp) at different wind speeds and for all four broadleaf
species when using the optimum θ value while setting γ � 2{3. The error bars in the
measurement represent one standard deviation for each particle size comparable to
the measurement error (� 20%).

3.4.3 A hydraulically smooth flat plate analogy

The schematic shown in Figure 3.1 illustrates the particle deposition process on an

isolated flat leaf with dimension L (not connected to Lx or Lc). Particles in ambient
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air are first transported by turbulence to the vicinity of the leaf surface. These par-

ticles must then traverse a quasi-laminar boundary layer (i.e., a disturbed viscous

sub-layer) pinned to the leaf surface before being depositing on the solid interface

(Seinfeld and Pandis, 2006). Finally, particles are collected at the leaf assuming

the surface is ‘clean’(infinite sink) and no rebound occurs (a plausible assumption

for UFP). To link these depositional pathways to the leaf dimension and micro-

roughness, a three sub-layer model for the mean velocity and momentum flux is used

(Browne, 1974; Davies, 1966; Hussein et al., 2012; Lai and Nazaroff, 2000; Piskunov,

2009; Wood, 1981; Zhao and Wu, 2006a,b). The three sub-layers describing the mean

velocity and momentum transport include an outer-turbulent region away from the

leaf, a transition (or buffer) region, and a viscous region. The choice of three sub-

layers instead of two (a viscous- and a turbulent- region) is necessary because the

interface between these layers (i.e., buffer region) is dynamic and can shrink or ex-

pand depending on the turbulent state and how eddies impinge on the surface. Be-

cause the viscous region interfaces this buffer layer that is dynamic and impacted by

turbulence, the term quasi-laminar boundary is used throughout. This disturbance

induced by eddy impingement from aloft may be sufficiently large to occasionally

disturb the laminar state of the viscous region during very short intervals. However,

the flow maintains its laminar state in this region on the much longer averaging time

period. To avoid complexities associated with leaf geometry and variable angle of

attack, the flow immediately above the leaf surface is replaced by a typical boundary

layer of thickness δ forming above a flat hydraulically smooth plate of finite dimen-

sion. These idealized assumptions are now used to explore the parameterizations of

ga (i.e., θ and γ) in relation to the main leaf dimension L and leaf micro-roughness.

The micro-roughness elements are first assumed to be characterized by a mean pro-

trusion height k entirely immersed within the viscous region (i.e. k    δ). It is for

this reason that the flow is presently labeled as hydraulically smooth. This concep-
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tual framework links the leaf dimension to L, the micro-roughness of the leaf surface

to k, and the thickness of the quasi-laminar boundary layer to δ. In reality (i.e. field

conditions), fluctuations in turbulent intensity (low in the wind tunnel experiments

here), wind direction (stationary in the wind tunnel experiments here), and wakes

originating from neighboring leaves (their spatial extent is quite restricted given the

large leaf area in the vegetated section of the wind tunnel considered here) induce

large deviations from this conceptual framework. Not withstanding these issues, a

primary convenience to such hydraulically smooth flat plate conceptual framework

or analogy is that the mean velocity and eddy viscosity profiles are independent of

k. However, particle deposition onto the plate (or leaf surface) may depend on k

as discussed later. Details of the three sub-layer model for specifying the mean ve-

locity and eddy diffusivity profiles and particle deposition velocity are presented in

Appendix B.1.

3.4.4 The effects of micro-roughness height k on γ

Combining the formulations of the quasi-laminar boundary layer conductance for the

porous media model and the three sub-layer depositional model (see Appendix B.2),

a dimensionless conductance ga� spatially averaged over the leaf dimension L can be

derived thereby linking θ and γ with leaf size and micro-roughness. Formulated in

this manner, γ can be expressed as a function of dp and k. To illustrate, assume

T � 300 K, P � 101.3 kPa, and the friction velocity component associated with

the viscous drag uv � 0.06 m s�1. Next, γ as a function of dp is shown to vary

across four different roughness sizes k (i.e., 0, 0.1, 0.7 and 1.1 mm) in Figure 3.6(a).

Here, the upper limit of k does not exceed the modeled thickness of the quasi-laminar

boundary layer (δ) (i.e., the distance between the boundary and the outer edge of the

the buffer layer; see Appendix B.1), determined to be approximately at 1.2 mm for

hydraulically smooth surfaces for the selected uv (� 0.06 m s�1) here. The selection
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Figure 3.6: (a) γ values, (b) the index I1 and (c) the dimensionless boundary
conductance gk for different heights of micro-roughness elements k (solid line: 0
mm, dash line: 0.1 mm, dot line: 0.7 mm, dash-dot line: 1.1 mm) as a function of
particle diameter (dp). These results are from the three-layer depositional model for
hydraulically smooth plates using uv � 0.06 m s�1, T � 300 K and P � 101.3 kPa.

of uv is determined by uv{uτ � pcv{Cdq1{2 (see Equation B.2.1 and B.2.2), given that

cv{Cd � 1{3 (Slinn, 1982) (though this ratio is expected to depend on leaf attributes

and Reynolds number as discussed later) and uτ � 0.1 m s�1 for dense vegetated
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medium. The selected uτ for illustration is smaller than prevalent uτ � 0.5 m s�1

typical for values ‘above’ forested canopies in natural setting (Stoy et al., 2006) but

comparable to typical values of uτ ‘within’ forested canopies (Huang et al., 2014) and

the wind-tunnel experiments here. Since δ � 1.2 mm is thicker than the leaf body of

the four broadleaf species explored here, this may suggest that the assumption of a

hydraulically smooth surface is plausible for the wind-tunnel experiments here and

the coniferous species from a previous study (Huang et al., 2013). Stated differently,

the k characterizing the micro-roughness of the leaf surfaces is likely to be smaller

than 1.2 mm (i.e., dp   k ! δ) (discussed later) even though the exact k values were

not measured. If k ! δ, k is less relevant to the scaling analysis here provided dp   k.

From Figure 3.6(a), the following points can be made:

(1) for dp ¤ 10 nm (i.e., nucleation mode), γ significantly increases from its ex-

pected 2{3 value with decreasing dp and the increasing trend in γ is further enhanced

by increasing k.

(2) for 10 nm  dp ¤ 100 nm (i.e. UFP size range), γ increases with increasing

k but can be treated as a constant for a set k . Moreover, γ appears sensitive to k

only when k{δ ¡ 0.6 (i.e., k ¡ 0.7 mm) and can be as high as γ � 1 for k � δ (� 1.2

mm). However, γ � 2{3 when dp   k ! δ as is the case here for the UFP size range

and the broadleaf species. This finding provides some justification for the choice of

a γ � 2{3 when comparing the optimized θ values across broadleaf and coniferous

species in the aforementioned wind-tunnel experiments.

3.4.5 The effects of micro-roughness height k on θ

Based on ga� , the behavior of θ is now linked to two key variables: the micro-

roughness on the leaf surface and leaf dimension (see Equation B.2.2). To explore

the first effect, an index I1 (see Equation B.2.3) can be defined to exclude the effects

of leaf dimension on θ. Figure 3.6(b) shows the variations in I1 against dp for four

52



different k (i.e., 0, 0.1, 0.7 and 1.1 mm). These modeled variations represent how

θ may be impacted by k across the UFP size ranges when the leaf size L is held

constant. This analysis suggests that θ increases with increasing k for a given dp.

Likewise, θ increases with increasing dp at a given k. Unlike γ, θ is sensitive to

variations in k even when dp   k ! δ. From k � 0 to 0.1 mm, for example,

the average θ value across all dp increases by a factor of 2. Moreover, θ can be

approximately treated as a constant (i.e., I1 � 0.08) only for 10 nm¤ dp ¤ 100 nm

(i.e. UFP) and only when the leaf surface is completely smooth (i.e., k � 0 mm).

The above analysis suggests that the choice of a single constant θ � 3 value in all

air quality and climate models may not be adequate since no leaf surface is entirely

smooth. Furthermore, rougher surfaces whose k is still immersed within the viscous

sublayer result in larger θ, which enhances particle deposition velocity even when the

flow is hydraulically smooth.

3.4.6 The effects of leaf dimension L on θ

Having discussed the effects of leaf micro-roughness on UFP deposition onto leaf

surfaces through the effects of k on θ and γ, the effects of leaf dimension are now

discussed. To do so, the established effects of k on θ are excluded and another

index I2 (see Equation B.2.4) is employed to explore how θ may be impacted by

leaf dimension L at a given micro-roughness k and flow conditions. To show how

I2 can be used to achieve this objective, consider the dependence of θ (i.e., I2) on

cv{Cd as suggested elsewhere (Slinn, 1982) and supported here. The surrogate of θ,

I2, suggests that θ increases with increasing cv but decreases with increasing Cd. As

discussed in Section 3.3, Cd was determined from the wind-tunnel experiments here

via pressure drop measurements. On the other hand, cv for hydraulically smooth

surfaces can be linked to the leaf effective length scale L (Figure 1) that allows for

the development of the quasi-laminar boundary layer on the leaf surfaces. This value
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of cv is given as (Schlichting, 1979)

cv � 0.072pRelq�1{5. (3.9)

where Rel � UL{ν is the leaf-level Reynolds number with the leaf dimension length

scale L. The combination of the formulation for θ in Equation B.2.2 and Equation 3.9

suggests an alternative parameterization for θ when L is known. Equation 3.9 cannot

be prognostically implemented in practice because the precise value of L for a specific

species is rarely known and may change with wind direction or foliage re-alignment

as earlier noted. Nevertheless, Equation 3.9 serves a diagnostic purpose. It can be

used to assess the importance of leaf dimension on ga when L is associated with the

physical dimension of the leaves along the wind direction. The uniformity of the

aerodynamic attributes within the test section (see discussion in Section 3.4.1) and

the choice of similar LAI (i.e., a) across all species in the wind tunnel experiments

here minimizes any potential interference between a and L and the discussion of L

can be simply based on the physical dimension of leaves. Inserting Equation 3.9

into I2, I2 is proportional to U�1{10L�1{10Cd
�1{2, which can be used to examine the

differences in θ between broadleaf and coniferous species using the experiments here

and the previous wind-tunnel experiments on conifers. A number of features are now

pointed out:

(1) Due to the range of Uo (i.e., 0.3 � 0.9 m s�1) explored in the wind tunnel

experiments here, the small exponent of U (i.e., �1{10) in I2 result in only 10%

variation in cv. This suggests that U does not appreciably impact θ through cv for

the wind-tunnel experiments here.

(2) The θ values are substantially altered by cv through L because differences in

L across broadleaf and coniferous species are quite large. As shown in Table 3.1, the

expected L for the quasi-laminar boundary layer to grow on the three ‘flat’broadleaf

species is about 5 cm (for Fragrantissima) to some 30 cm (for Magnolia). For the

54



coniferous leaf, the average diameter of Juniper is only 2 mm and it can be conjec-

tured that L here may be much smaller than 2 mm due to its cylindrical-like shape.

Different from the three ‘flat’broadleaf species, Needleholly has leaf characteristics

in-between conifers and its flat-plate hardwood species. The geometry of the Needle-

holly is partially folded, similar to a semi-solid half-folded cylinder while the other

three broadleaf species are mostly flat and more flexible. Moreover, the sharp edge of

the Needleholly leaves may generate more wakes and further impede or spatially de-

lay the formation and subsequent growth of the quasi-laminar boundary layer along

L. Thus, L for the three ‘flat’broadleaf species can be 100 to 1000 times larger than

L for Junipers, which is only few times smaller than L for Needleholly. Considering

only the effects of L on I2 (i.e., θ value), this scaling analysis suggests that I2 for

Juniper can be 1.6 to 2 times larger than I2 for the three ‘flat’broadleaf species but

slightly larger than I2 for Needleholly consistent with the experiments here.

(3) Ideally, θ must be specified for each dp as well as U (i.e., Cd in I2 varies

with U), but the optimized θ values listed in Table 3.2 are computed across all ve-

locities and all particle sizes for each species due to measurement uncertainty (i.e.,

� 20%). Thus, the optimized θ value can only be discussed in relation averaged

C
�1{2
d for each species. The averaged C

�1{2
d across all wind velocities for Juniper,

Needleholly, Oak, Magnolia and Fragrantissima are 1.59, 1.31, 1.38, 1.87 and 1.72,

respectively. Interestingly, the estimates for I2 obtained by combining the simultane-

ous (and counter-acting) effects of L and Cd also have similar trends as the optimized

θ values (see Table 3.2). That is, I2 (or the optimized θ values) for the broadleaf

species is generally smaller than those for Juniper given the thinner quasi-laminar

boundary layers. Accordingly, a larger UFP collection efficiency can be found (see

Figure 3.5 and Figure S1-1 in Huang et al. (2013)) for larger I2 (i.e., a surrogate for

θ) associated with L when dp   k ! δ (i.e., γ � 2{3).
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3.4.7 The compensatory effects of L and k on θ

As stated before, θ increases with increasing k, while θ is impacted by L in the

opposite way. This compensatory effect of k vis-à-vis L on θ (and hence ga) can

be further discussed through another dimensionless conductance gk (see Equation

B.2.5). The variations in gk against dp for four different k (i.e., 0, 0.1, 0.7 and 1.1

mm) under the same condition as before are shown in Figure 3.6(c). It is clear that

gk (i.e., a surrogate for ga) is larger for smaller dp only when k is very small (i.e.,

k ¤ 0.1 mm). Unlike the effects of k on ga, the effects of leaf dimension (i.e., L) is

equally sensed for all dp. As the collection efficiency is larger for smaller particles (see

Figure 3.5 and Figure S1-1 in Huang et al. (2013)), this analysis further supports the

argument that leaf dimension is the key contributor to the UFP collection when the

depositing surfaces are considered as nearly smooth flat plates (i.e., dp   k ! δ) as

is the case here. Furthermore, the depositing distance from the wall approximately

equal to k when dp ! k can be used to explain why the dependence of ga on dp

gradually vanishes with increasing k (i.e., the lower boundary condition in Equation

B.1.9 is primarily dominated by k).
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4

Particle deposition to forests: An alternative to
K-theory

4.1 Introduction

Among the many factors affecting the climate system and human health, atmospheric

aerosol particles are commonly singled out as highly significant (Seinfeld and Pandis,

2006). Unsurprisingly, the surface-atmosphere exchange of these particles, especially

their removal by dry deposition, is now receiving significant attention (Petroff et al.,

2008a; Pryor et al., 2008a). One of the main removal processes for atmospheric

aerosol particles is their collection by the vegetation, which is governed by the com-

plex interplay between turbulent transport processes and canopy elements, as well

as the gravitational settling within the vegetation. How these turbulent transport

processes inside the vegetation (hereafter this region is referred to as the canopy

sub-layer or CSL) impact the vegetation collection mechanism frames the scope of

this work. Over the last 3 decades, a number of dry deposition models have been

proposed and used for predicting particle removal by vegetated surfaces (Bache,

1979a,b, 1984; Feng, 2008; Gallagher et al., 1997; Katul et al., 2010a; Katul and
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Poggi, 2010; Katul et al., 2011; Petroff et al., 2008b; Pryor et al., 2007, 2008a; Ruij-

grok et al., 1997; Sehmel, 1980a; Slinn, 1982; Wesely et al., 1985; Wesely and Hicks,

2000; Wiman and Agren, 1985). Two recent reviews covering dry deposition onto

vegetated canopies provide a summary of models and experiments reported over the

past 20 years (Petroff et al., 2008a; Pryor et al., 2008a). Common in these reviews

is the finding that significant deviations between modeled and ensemble average of

measured deposition rates persist even when size-resolved multi-layered models of

the CSL are employed. It can be conjectured that one possible reason for the failure

of these models is the use of the so-called gradient-diffusion closure scheme (labeled

as K-theory) to predict the particle turbulent diffusivity from the eddy viscosity of

the flow within the CSL. This approximation remains popular for mathematically

”closing” the particle turbulent flux in the size-resolved mean particle continuity

equation formulated at an arbitrary layer within the CSL (Bache, 1979a,b, 1984;

Katul et al., 2010a; Katul and Poggi, 2010; Katul et al., 2011; Mammarella et al.,

2011; Peters and Eiden, 1992; Petroff et al., 2008b; Slinn, 1982; Wiman and Agren,

1985).

It has been known for some time that K-theory is problematic for mass and

momentum exchange within canopies (Kaimal and Finnigan, 1994; Shaw, 1977). To

provide an alternative to this closure approximation, a second-order and size-resolved

multilayer model (hereafter referred to as second-order MLM) for dry deposition of

atmospheric aerosol particles is proposed. The size-resolved particle flux budget is

coupled to a conventional second-order closure model for the flow field within the

CSL, as higher-order velocity statistics are now required. The most parsimonious

second-order closure model for the CSL is the one developed by Wilson and Shaw

(1977) (hereafter referred to as WS77), which is adopted here though other higher-

order closure models can be employed (no clear improvement in model skill is noted

upon employing higher-order closure model for the flow field) (Katul and Albertson,
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1998; Juang et al., 2008). The proposed model maintains the same mean particle con-

tinuity equation within the CSL as those used in conventional multi-layered models

(Businger, 1986). Moreover, the model assumes that the largest sink in aerosol par-

ticles are related to depositional processes as presented in previous models for near-

neutral conditions (Katul et al., 2010a; Katul and Poggi, 2010; Katul et al., 2011;

Petroff et al., 2008b; Slinn, 1982). However, a point of departure from this conven-

tion is that a particle turbulent flux budget equation is employed instead of K-theory

to model the particle turbulent flux. For model evaluation, the multi-layered and

size-resolved particle fluxes and mean concentrations acquired from eddy-covariance

measurements within the CSL are employed (Grönholm et al., 2009; Launiainen et al.,

2007; Mammarella et al., 2011). This data set was collected in a tall Scots pine forest

(Pinus sylvestris L.) situated in Hyytiälä, Southern Finland, and has been described

in previous studies (see details in C.1), including the one that employed K-theory

to close the particle continuity equation (Katul et al., 2010a). Approximations to

the particle flux budget are then analyzed to delineate the necessary flow conditions

and particle sizes where K-theory may still prove effective within the CSL. Because

flow over tall forests tends to be rough and associated with large friction velocity,

only near-neutral conditions are considered as an appropriate starting point when

contrasting model results employing the flux-budget with K-theory. Through the

combination of model runs and measurements, the partitioning between ground and

total deposition is also discussed.

4.2 Theory

The following meteorological and index notations are adopted unless otherwise stated:

t is time, xi (or x, y, z) is a Cartesian coordinate system (i=1, 2, 3) with the lon-

gitudinal direction x1 (or x) being aligned in the direction of the mean flow; x3 (or

z) is perpendicular to the forest floor set at z � 0; ui (or u,v,w) are the three in-
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stantaneous velocity components along directions xi; over-bar represents planar and

temporal averaging (Raupach and Shaw, 1982; Petroff et al., 2008b); primed quan-

tities denote instantaneous fluctuations deviating from the mean quantities, Ui (or

U ,V ,W ) and C are the three mean velocity components (i.e., ui � Ui� u1i) along di-

rections xi and the mean concentration for particles with diameter dp, respectively; C

(� C�C 1) is the instantaneous particle concentration, and P is the mean kinematic

pressure deviation from hydrostatic conditions. Particle sizes smaller than 100 nm

are referred to as ultrafine particles (UFP) including those in the nucleation-mode

(� 1 to 10 nm) and Aitken-mode (� 10 to 100 nm). Particle sizes between 100 nm

and 1 µm are referred to as particles within the accumulation-mode, and particle

sizes larger than 1 µm are referred to as particles within the coarse-mode (Buseck

and Adachi, 2008).

4.2.1 Flow field

For a stationary and planar homogeneous flow in near-neutral conditions with no sub-

sidence, WS77 is first used to compute the needed profiles of the bulk flow statistics

(i.e., mean longitudinal velocity U , Reynolds stress u1w1, vertical velocity standard

deviation σw, and relaxation time scale τ), given the measured leaf area density apzq
and the flow statistics at a reference height zR above the canopy (i.e., u� �

a
�u1w1

or u1w1 at zR). Details of the WS77 formulation, closure constants and boundary

conditions are presented in C.2. It is to be noted that a horizontal mean pressure

gradient term dP {dx was not previously considered in the original mean longitudi-

nal momentum balance of WS77, but this term can be added without any further

revisions to the budgets describing the elements of the turbulent stress tensor. The

dependence of the secondary maximum wind speed on the mean wind direction

along the topographic gradient imply that the presence of a weak dP {dx is plausible

(Katul et al., 2010a) though this secondary maximum can also be generated with-
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Figure 4.1: (a) The leaf area density profile (apzq) normalized by the maximum
leaf area density of the understory (amax) (dashed line) and the computed mixing
length (lm) normalized by the canopy height h (solid line) are shown. The mixing
length formulation decomposes the CSL into four regions: above the canopy (region
I), foliage-concentrated region (region II), open trunk space (region III) with height
zf � 6 m and the region associated with the von Kármán vortex streets (region IV)
with height zv � 0.7 m. Comparisons between measured (open circles) and modeled
(solid lines) (b) dimensionless mean longitudinal velocity (U{u�), (c) Reynolds stress
(u1w1{u2

�) and (d) vertical velocity standard deviation (σw{u�) profiles predicted by
the WS77 second-order closure model (Wilson and Shaw, 1977). Note that the
reversed BU{Bz and the counter-gradient transport (i.e., u1w1 is positive) are located
on the region between two horizontal black lines in (b) and (c) and the horizontal
bars indicate one standard deviation.

out a dP {dx in WS77 due to the momentum flux transport term (which is usually

independent of wind direction on flat terrain). The characteristic length scales λi in

WS77 are all related to a single canonical mixing length lm, which must be a priori

determined or specified and is presented in C.2.3. This mixing length formulation
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decomposes the CSL into four distinct regions (see Figure 4.1(a)): above the canopy

(region I), lm can be described by a classical rough-wall boundary layer formulation

with attached eddies onto a zero-plane displacement d0. Within the dense foliage

concentrated region of the crown (region II), turbulence theories are adopted to link

lm to the adjustment length scale Lc that varies with foliage drag and mean leaf area

density (Belcher et al., 2003). The value of lm is respectively bounded by a maximum

kvph � d0q and a maximum kvzf in the upper and lower part of this region, where

kv � 0.4 is the von Kármán constant, h � 15 m is the average canopy height, and

zf � 6 m is the height of the open trunk space. A relatively open trunk space (region

III) allows for a quasi turbulent boundary layer to develop with lm increasing with

z. In the lowermost region (region IV), the high understory leaf area density results

in a near constant lm � kvzv, where zv � 0.7 m is assumed to be the height of the

region associated with the von Kármán vortex streets as may be inferred from the

flume experiments reported in Poggi et al. (2004b).

4.2.2 Mean particle conservation equation

The mean continuity equation for particles with diameter dp under near-neutral

condition is given as (Businger, 1986):

BC
Bt �

B
Bxi rpUi � δi3VgqCs � B

Bxiu
1
iC

1 � Dm
B2

Bx2
i

C � S, (4.1)

where δij is the Kronecker delta (� 1 if i � j, zero otherwise), Vg is the gravita-

tional settling velocity, Dm is the particle molecular diffusivity, and S represents

the local sources/sinks for particles. Upon further assuming steady state and planar

homogeneous flow in the absence of subsidence, Equation 4.1 is reduced to:

B
Bzw

1C 1 � � B
Bz pVgCq �Dm

B2

Bz2
C � S. (4.2)
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When the molecular flux is small relative to its turbulent counterpart (i.e. high

Reynolds number), the total particle flux is commonly approximated as Fc � VgC �
w1C 1. Prior to solving Equation 4.2, Vg must be known and S must be specified or

linked to modeled flow variables. The gravitational settling velocity is given as:

Vg �
Ccgρpd

2
p

18η
, (4.3)

where Cc is the Cunnigham coefficient (i.e., slip correction factor), g is the gravi-

tational acceleration, ρp is the particle density assumed constant, and η is the air

dynamic viscosity. Within the quasi-laminar boundary layer adjacent to the leaf

surface, the foliage collection mechanisms minimally considered in Equation 4.2 are

comprised of Brownian diffusion, inertial-impaction and turbo-phoretic effects. Thus,

the foliage collection term can be formulated as in Katul et al. (2010a) and Katul

et al. (2011):

$'''&'''%
Spz ¤ hq � apzq

π

�b
�u1w1pzq

�
θSc�2{3 � 10�3{Stpzq � τp

p1� τp{τLpzqq
σ2
wpzq
b0ν


�
loooooooooooooooooooooooooooooooooooooooomoooooooooooooooooooooooooooooooooooooooon

Foliage Collection Terms

Cpzq

Spz ¡ hq � 0

,

(4.4)

where apzq is the two-sided leaf area density (m2 m�3) (or foliage area where par-

ticles can be collected to volume), apzq{π is the single-sided projected area density

assuming the leaves are cylindrical in shape (e.g., needle-like as expected in pine

foliage), u1w1pzq is the turbulent momentum flux at height z above the ground, θ � 1

is assumed to be a constant depending on the ratio of the leaf viscous-to-form drag

(cv{cd) (Slinn, 1982), Sc � ν{Dm is the particle Schmidt number where ν is the air

kinematic viscosity of air, St � Vgp�u1w1pzqq{pgνq is the turbulent Stokes number

where g is the gravitational acceleration, τp is the particle relaxation time scale, τL is

the Lagrangian turbulent time scale, b0 � 25 is associated with the thickness of the
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quasi-laminar boundary layer and was inferred from measured flatness factor of the

vertical velocity on smooth boundaries (Liu and Agarwal, 1974; Poggi et al., 2002).

θ � 1 independently inferred from a wind-tunnel experiment for pine and UFP is also

reported elsewhere (Lin et al., 2012). The first of three additive terms contributing to

S in Equation 4.4 is the particle collection via Brownian diffusion adopted from Slinn

(1982) and is mainly for UFP (Huang et al., 2013); the second term represents the

contribution of inertial-impaction related to the Stokes number for smooth bound-

ary layer where the thickness of the viscous sublayer exceeds the leaf microroughness

(Slinn and Slinn, 1980); the last term is the turbo-phoretic effect, which is produced

by the tendency of particles to migrate towards the direction of decreasing particle

turbulent kinetic energy near the depositing surface (Caporaloni et al., 1975; Feng,

2008; Guha, 1997; Reeks, 1983; Young and Leeming, 1997; Zhao and Wu, 2006a,b)

and appears to be more effective for particle sizes larger than 100 nm (Katul et al.,

2010a). Discussions on the parametrization of Equation 4.2 and Equation 4.4 can

be found elsewhere (Katul et al., 2010a, 2011). The possible existence of an electric

field adjacent to the foliage or large temperature differences between leaf skin and air

(both may be induced by snow conditions) are not considered here (i.e., data for snow

covered foliage were excluded). Thus, the electro-phoretic and thermo-phoretic ef-

fects are neglected though they can be added to S if known. Particle formation rates

ranging from 0.002 to 0.6 cm�3 s�1 were reported at this site (see Table 2 in Kulmala

et al. (2004)) during sunny days in the late morning hours (i.e., under unstable con-

dition) as discussed elsewhere (Aalto et al., 2001). These rates are much smaller than

the foliage collection rate (¡10 cm�3 s�1 as shown later) for the 3 nm particle size

(this size is most pertinent to particle formation) when pre-existing particle number

concentration is larger than 200 cm�3 (Aalto et al., 2001). Moreover, particle for-

mation/coagulation processes commonly occur over much longer time scales (i.e, in

hours) than turbulent transport processes (i.e, in seconds) and are neglected. Thus,
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when these chemical mechanisms are ignored and recalling that Spz ¡ hq � 0 lead to

a dFc{dz � 0 for z{h ¡ 1. Within the canopy, only common depositional processes

(i.e., the vertical particle transport enhanced by turbulence, settling velocity and the

collection mechanisms through foliage surfaces) are maintained in Equation 4.2 and

Equation 4.4 because the main thrust is to explore the use of the particle flux budget

equation (discussed next) for modeling particle turbulent fluxes instead of K-theory

given as

w1C 1 � �Dp
BC
Bz , (4.5)

where Dp is the turbulent particle diffusivity. However, other foliage collection mech-

anisms (i.e., interception, rebound/re-suspension or other phoretic effects) or chem-

ical mechanisms (i.e., particle formation or coagulation) can also be included in S.

4.2.3 Mean particle turbulent flux budget equation

In lieu of K-theory, a particle turbulent flux budget equation (i.e., covariance equa-

tion) can be derived using conventional approaches reviewed elsewhere (Stull, 1988).

Assuming steady state, planar homogeneous flow with no subsidence, no buoyant

production or destruction, and negligible molecular terms (i.e., large Reynolds num-

ber), the particle mean flux budget equation in the vertical direction is given as

Bw1C 1

Bt � 0 � w1w1BC
Bzlooomooon

Production

� Bw1w1C 1

Bzlooomooon
Transport

� 1

ρ
C 1BP 1

Bzlooomooon
Destruction

� Vgw1BC 1

Bz .loooomoooon
Interaction with Vg

(4.6)

On the right hand side, the first term is the production of particle turbulent flux (not

particle formation) due to the interaction between turbulence and the mean particle

concentration gradient; the second represents the triple-moment term interpreted

as the transport of the particle flux by turbulence, which is linked to the particle

turbulent flux gradient due to the particle collection through foliage; the third is the
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pressure-particle interaction term (i.e., destruction term), which acts to de-correlate

w1 from C 1; and the fourth is the turbulence-particle interaction term induced by the

gravitational settling velocity Vg.

Modeling the destruction term for the particle flux is analogous to modeling

the destruction term for momentum flux as described elsewhere (Katul et al., 2013;

Launder et al., 1975; Pope, 2000) and is given as

1

ρ
C 1BP 1

Bz � CR
w1C 1

τ
� C1σ

2
w

BC
Bz , (4.7)

where CR is the Rotta constant, C1 � 3{5 is a constant associated with the isotropiza-

tion of the production and whose value has been predicted from rapid distortion

theory for momentum, and τpzq is approximated by TKE{ε (Launder et al., 1975;

Pope, 2000), where TKE is the turbulent kinetic energy and ε is the mean TKE

dissipation rate. Combining Equation 4.6 and Equation 4.7, the particle flux can be

expressed as:

w1C 1 � � τ

CR

�
p1� C1qw1w1BC

Bz � Bw1w1C 1

Bz � Vgw1BC 1

Bz
�
. (4.8)

Formulated in this manner, the necessary conditions leading to the validity of K-

theory to close w1C 1 become evident. When the flux transport term is negligible

and the particle size is relatively small (i.e., Vg � 0), K-theory can be recovered

and Dp � p1�C1

CR
qτσ2

w in Equation 4.5 when τ and σ2
w are available. When the flux

transport term is significant in Equation 4.8, a higher-order closure is required. Using

second-order closure principles, the triple-moment w1w1C 1 may be modeled as:

w1w1C 1 � �C2τσ
2
w

Bw1C 1

Bz , (4.9)

where C2 is a closure constant. Furthermore, the turbulence-particle interaction term
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can be expressed as:

Vgw1BC 1

Bz � Vg

�Bw1C 1

Bz � C 1Bw1

Bz


, (4.10)

in which Bw1C1

Bz can be either enhanced or diminished by C 1 Bw1

Bz . This term cannot be

canceled by applying the instantaneous continuity equation for turbulent fluctuations

Bu1j{Bxj � 0 unless Bu1{Bx � Bv1{By � 0 at all t. Hence, the turbulence-particle

interaction term may be modeled as:

Vgw1BC 1

Bz � αVg
B
Bzw

1C 1, (4.11)

where α is of order unity when this term is significant and 0 when this term is

negligible.

Equation 4.2 and Equation 4.6 can be numerically solved for Cpzq, Fcpzq, the de-

position velocity Vdpzq � �Fcpzq{Cpzq as well as production, destruction, turbulent

transport, and the turbulence-particle interaction terms in the particle flux budget

equation provided (i) two boundary conditions are specified and (ii) the flow statistics

(i.e., U , u1w1, σw, and τ) are available (e.g., from WS77). Above the canopy, S � 0

and the upper boundary condition is given by a known (i.e., measured) mean parti-

cle concentration C0 for particles with diameter dp at the reference height zR{h ¡ 1.

As suggested elsewhere (Petroff et al., 2008a,b), the flux-based formulation for the

lower boundary condition is preferred. Thus, a pipe flow analogy model (PFAM) for

particle deposition onto rough solid boundaries proposed by Feng (2008) is used (see

C.3) accounting for the turbo-phoretic effects near the ground (Katul et al., 2010a).

4.3 Results and discussions

Prior to presenting comparisons between measured and modeled particle concen-

tration and fluxes, the flow statistics needed for the second-order MLM are briefly
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discussed in section 4.3.1. Combined with the data analysis, the particle removal by

the main crown and understory is then discussed in section 4.3.2. The main terms

of the particle flux budget and their characteristics associated with Dp are presented

in section 4.3.5. Finally, the effects of the particle transport term on the deposition

velocity are presented in section 4.3.6. Investigating the use of K-theory for parti-

cle fluxes, framed as a simplification to the proposed second-order closure scheme,

completes the study objective.

4.3.1 Modeling flow field

To compute the flow statistics, two parameters must be specified a priori for the

WS77 model: the foliage dimensionless drag coefficient Cd and the mean pressure-

gradient dP {dx associated with weak topographic gradients. The Cd across a wide

range of foliage types was reported to vary between 0.1 and 0.3 (Katul et al., 2004)

and a constant Cd � 0.15 is adopted here from a previous independent experiment at

the site (Launiainen et al., 2007). The occurrence of a secondary maximum velocity

(i.e., zero- or counter-mean velocity gradient) in the open trunk space is evident in

the measured Upzq as shown in Figure 4.1(b) and is suggestive that either dP {dx
(Lee et al., 1994) or the flux transport terms (Shaw, 1977) or both are significant.

Thus, p1{u�q2dP {dx � 0.01 m�1, which was inferred from a separate analysis (Katul

et al., 2010a) for the same site, is adopted here. Figure 4.1 shows the measured apzq,
the computed lm, and the comparison between the measured (i.e., ensemble-averaged

for near-neutral conditions) and the modeled flow statistics. Good agreement was

found between measured and modeled U , and the secondary maximum velocity in

the trunk space is reasonably reproduced by WS77 when dP {dx is included. An

additional analysis following Lee et al. (1994) was conducted (not shown here) to

test the sensitivity of the flow field to the presence of a finite dP {dx. Unlike u1w1pzq
and σwpzq, the Upzq proved to be sensitive to the presence of dP {dx. In Figure
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4.1(c), the counter-gradient transport (i.e., u1w1 is positive) can also be predicted

in the same region where the reversed BU{Bz is observed (i.e., the region between

two horizontal black lines) when dP {dx is added. This counter-gradient in mean

momentum flow may lead to unphysical particle turbulent fluxes when Dp is linked

to the conventional eddy viscosityKt inferred from�u1w1{ ��BU{Bz�� or l2mBU{Bz (Katul

et al., 2010a, 2011; Shaw, 1977). Thus, the use of higher-order closure models in such

cases for the particle flux budget is theoretically justified and explored next. The

agreement between measured and WS77 modeled flow statistics (i.e., Upzq, u1w1pzq
and σwpzq) also provides a degree of confidence in the proposed lm and the calculated

τ needed for modeling terms in the particle flux budget as well as S.

4.3.2 Comparisons with data

With the closure constants CR � 2.2, C2 � 0.5 and α � 1 (discussed later), the

particle flux and mean concentration computations commence from the understory

(zu � 0.81m), where PFAM is used as a flux-based lower boundary condition for the

understory and the forest floor. It is to be noted that a zero concentration at z � 0 in

the model was tested and led to an overestimation of Vd in the subcanopy by a factor

of 2�3 (not shown here). This finding also suggests that a flux-based lower boundary

condition (e.g., imposed by PFAM here) is a better choice for the forest floor. Figure

4.2(a) shows the modeled size-resolved Vd � �Fc{C within CSL along with its two

components, Fc and C. Figure 4.2(b) also shows the modeled size-resolved foliage

collection terms (Equation 4.4). From Figure 4.2(a), the particle concentration in

the nucleation-mode and coarse-mode decrease rapidly with decreasing z due to the

larger total particle collection by the canopy foliage. The total particle collection rate

in the nucleation-mode is also larger than ¡10 cm�3 s�1 (when assuming C0 ¡200

cm�3) as shown in Figure 4.2(b) and is dominated by Brownian diffusion. The total

particle collection in the coarse-mode is governed by both the inertial-impaction and

69



the turbo-phoretic effect. This analysis also suggests that the upper-end estimate of

the reported particle formation rate ( 0.6 cm�3 s�1) is minor and can be neglected

as stated before. A near-uniform particle concentration profile throughout the entire

canopy is computed for the size range from 10 nm to 1 µm (see Figure 4.2(a))

due to the minor role of the total particle collection term (see Figure 4.2(b)). To

evaluate the second-order MLM, comparisons between modeled and measured Vd as

a function of dp at zR{h � 1.53 (hereafter subscripted ”ab” refers to a measurement

above the canopy) and z{h � 0.13 (subscripted ”sub” refers to a measurement in

the subcanopy) are carried out and shown in Figure 4.3(a) and (b), respectively, for

all u� under neutral conditions. At both levels, good agreement is noted between

second-order MLM modeled and measured Vd for different u�. Moreover, increases

in Vd with increasing u� at both levels was measured and modeled across all particle

size ranges. For different particle size ranges, discussions of the mechanisms leading

to the increasing Vd with increasing u� are now provided.

4.3.3 Particle size range from 1 nm to 1 µm

In the size range from 1 nm to 1 µm, increasing u� results in an increase in particle

turbulent flux but nearly unchanged mean particle concentration profile within and

just above the canopy. This is explained by the fact that the particle flux transport

(discussed later), molecular diffusion and settling velocity terms are negligible and

the effects of u� cancel out in the remaining terms of Equation 4.2. This cancellation

leads to an increasing Vd with increasing u� (i.e., increasing Fc) throughout the entire

canopy profile for this particle size range (see Figure 4.3). The second-order MLM

computations agree with the measured mean concentration ratio (Csub{Cab) in the

ultrafine particle range shown in Figure 4.4(a) with weak dependence on particle size.

While the measurements suggest Csub{Cab � 0.85 � 0.9, some 15% over-estimation

by the model for the larger particle size in the ultrafine particle range can be found.
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Figure 4.2: (a) Modeled profiles of the deposition velocity Vd (top), mean particle
concentration (middle), and the total particle flux (bottom) normalized by the refer-
ence concentration C0, as a function of particle diameter dp. (b) Modeled profiles of
particle collection terms normalized by the reference concentration C0 as a function
of particle diameter dp: Brownian diffusion (top), inertial-impaction (middle) and
turbo-phoretic effect (bottom). Note that the black solid line repeated in Figure 2
represents the shape of the leaf area density profile.
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The minor role of the total particle collection term (see Figure 4.2(b)) explains the

nearly well-mixed condition for the measured and modeled concentrations within

the canopy. A quasi-uniform mean particle concentration profile for particles in the

sub-micron range (i.e., 0.3 to 1 µm) was also reported within the CSL (Whitehead

et al., 2010). The modeled dependence of Csub{Cab on particle size can be attributed

to the higher ultrafine particle collection efficiency dominated by Brownian diffusion

for smaller particles (Huang et al., 2013) leading to smaller Csub{Cab. As stated

before, particle concentration profiles are not significantly impacted by u� in this

size range, and hence no dependence of measured and modeled Csub{Cab on u� is

evident in Figure 4.4(a). Interestingly, Figure 4.4(b) shows that the particle flux

ratio (Fsub{Fab) is almost independent from u� for the ultrafine particle size range,

which also implies that the degree of particle deposition for both below and above

the canopy must be pro rata enhanced by increasing u� in this size range. A wind

tunnel experiment by Donat and Ruck (1999) showed that the ground deposition

of an ammonia tracer gas, which was selected to represent very fine particles (e.g,

ultrafine particles), also tended to be enhanced by increasing turbulent intensity

(i.e., increasing u�). In this wind tunnel experiment, the ground deposition below

an artificial canopy was reported to vary from 20% to 60% of total deposition. The

experiments and model results here (see Figure 4.4(b)) appear well bounded by this

independently inferred range. Unlike the ultrafine particles, the modeled Fsub{Fab
shown in the inset of Figure 4.4(b) seems to decrease with increasing u� for particle

sizes larger than 100 nm. Employing a two-layer particle flux system measured at the

same pine forest but in 2003, ensemble-averaged Fsub{Fab over particle sizes ranging

from 3 to 500 nm exhibited an anomalous decrease with increasing u� (Grönholm

et al., 2009) again consistent with the model results presented here. This decrease

can be explained by the increasing significance of turbo-phoretic effects and Vg for

particle sizes larger than 100 nm near forest floor in the model calculations here.
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Figure 4.3: (a) Comparisons between measured (symbols) and modeled (solid
lines) deposition velocity (Vd) above the canopy as a function of particle diameter
(dp). (b) Same as Figure 4.3(a) but for the subcanopy. Note that different lines and
symbols are used to represent different u� conditions (black solid line and circle: 0.2
ms�1  u�  0.3 ms�1, black dashed line and black cross: 0.4 ms�1  u�  0.6 ms�1,
gray solid line and circle: 0.7 ms�1  u�  0.9 ms�1).

4.3.4 Particle sizes larger than 1 µm

Based on the model calculation for particle sizes larger than 1 µm (not shown here),

the particle turbulent flux, which increases with increasing u�, is the primary con-

tributor to the total particle flux above the canopy. However, the total particle flux

below the main canopy crown is governed by Vg that is independent of u�. Thus,

Fsub{Fab appears reduced with increasing u� (see the inset in Figure 4.4(b)). The par-

ticle concentration within this larger particle size range is also reduced more rapidly

with increasing u� (i.e., the particle collection by impaction and turbo-phoretic ef-

fects increases with increasing u�) from the reference height to the forest floor (not
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shown here). This combination leads to an increased Vd with increasing u� for this

particle size range shown in Figure 4.3 (a) and (b). Furthermore, the overestimated

mean longitudinal velocity above the canopy by WS77 may introduce more ”mixing”

for the particle deposition model in all particle size range, but the overall predictions

and analysis here suggest this overestimation does not appear to significantly impact

the particle budget.

0 0.02 0.04 0.06 0.08 0.1 0.12
0.8

0.85

0.9

0.95

1

 d
p
(µm)

 C
su

b
/C

ab
Concentration ratio(a)

0 1 2 3 4 5 6 7

x 10
−3

0

0.2

0.4

0.6

0.8

Re
p
=u

*
 d

p
/ν

F
su

b
/F

ab

Flux ratio(b)

−3 −2 −1 0 1
0

0.2
0.4

log[d
p
 (µm)]

F
su

b
/F

ab

Figure 4.4: (a) Comparisons between measured (open circles) and modeled
(crosses) particle concentration ratio Csub{Cab for each particle diameter class dp
and for all u� conditions. Note that the value of the modeled Csub{Cab with fixed
dp remains the same for different u� conditions. (b) Comparisons between measured
(open circles) and modeled (diamond) total particle flux ratio Fsub{Fab as a function
of the particle Reynolds number (Rep) derived by using above-canopy u�. Inset:
modeled total particle flux ratio Fsub{Fab as a function of the particle diameter dp for
different u� conditions. Note that black solid, black dashed and gray solid lines are
used to represent different u� ranges (black solid: 0.2 ms�1  u�  0.3 ms�1, black
dashed: 0.4 ms�1  u�  0.6 ms�1, gray solid: 0.7 ms�1  u�  0.9 ms�1).
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4.3.5 Characteristics of the particle flux budget in MLM

Figure 4.5: Modeled components of the particle flux budget as a function of height
(z) and particle diameter (dp): the turbulence-particle interaction term induced by
Vg, particle flux transport term, production and destruction terms. Note that the
black solid line repeated in Figure 5 represents the shape of the leaf area density
profile.

For an ensemble averaged u� � 0.5 ms�1 at zR{h � 1.53, Figure 4.5 shows

the size-resolved components of the modeled particle flux budget calculated with

CR � 2.2, C2 � 0.5 and α � 1. A number of features are now pointed out:
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(1) the turbulence-particle interaction term produced by Vg for α of order unity

has a minor impact on the particle flux budget within the entire CSL. Hence, this

term may be ignored (i.e., α can be simply set to zero) throughout consistent with

earlier studies (Businger, 1986).

(2) above the canopy, the particle flux budget is primarily governed by the balance

between production and destruction terms due to Spz ¡ hq � 0 (i.e., dFc{dz � 0).

This implies that K-theory can be employed in this region. Here, Dp can be estimated

from Dp � Ktp1 � τp{τLq�1 (Wilson, 2000), where the eddy viscosity Kt is given

either as Kt � �u1w1{ ��BU{Bz�� or Kt � l2mBU{Bz through the use of the mixing

length hypothesis. For particles in the micrometer diameter range, τp{τ    1 so

that Dp � Kt and hence the turbulent particle Schmidt number is approximately

unity. Thus, three formulations of Dp (including the one estimated by neglecting

the transport term and the turbulence-particle interaction term induced by Vg in

Equation 4.8) are now provided:

Dp,i �
$&%

�u1w1{ ��BU{Bz�� ; i � 1
l2mBU{Bz; i � 2
p1�C1

CR
qτσ2

w; i � 3
, (4.12)

and discussed next. The closure constant CR � 2.2 can be derived by equating Dp

estimated from Dp,1 and Dp,3 well above the canopy. The estimated CR � 2.2 is

within the range from 1.6 to 5 as discussed elsewhere (Gatski et al., 1996), and this

large spread in CR values is commonly associated with the precise definition of the

relaxation time scale. The three Dp,i formulations are shown in Figure 4.6. Note

that Dp,1 � Dp,3 above the canopy, which suggests that Dp can be described by the

flow statistics, u1w1 and BU{Bz in this region, without resorting to WS77 (i.e., τ and

σw).

(3) below the canopy, the particle flux transport term becomes significant due to

the presence of particle collections, especially for particles in the nucleation- (� 1
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to 10 nm) and coarse- (� 1 to 10 µm) modes (see Figure 4.5). The significance of

this flux transport term explains the failure of K-theory in this region and for those

particle sizes. In Figure 4.6, the unphysical representation of the turbulent particle

diffusivity Dp,1 is shown for the reversed mean velocity gradient and the counter-

gradient turbulent transport in the trunk space. To eliminate this ”nuisance” in

first-order closure schemes, Dp,1 was set to zero in Katul et al. (2011) (though this

assumption is still problematic). However, the turbulent diffusivity approximation

may be more plausible when Dp is estimated from Dp,3 (determined from higher-order

flow statistics) rather than Dp,1. Also, the formulation of Dp,3 has been employed

(but not the particle flux transport term) elsewhere (Mammarella et al., 2011) as

replacement for Dp,1 inside canopies.
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Figure 4.6: Three representations for turbulent particle diffusivity as a function
of height: Dp,1 � Ktp1 � τp

τ
q�1 where Kt � �u1w1{ ��BU{Bz�� (black dashed line) ,

Dp,2 � Kt � l2m
��BU{Bz�� (gray solid line) and Dp,3 � p1�C1

CR
qτσ2

w (black solid line).
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4.3.6 Effects of the triple-moment term
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Figure 4.7: The modeled profiles of (a) mean particle concentration, (b) total
particle flux and (c) particle flux budget are shown for particle diameters dp � 6 µm
(top), 200 nm (middle) and 5 nm (bottom) when activating (solid line with C2 � 0.5)
and suppressing (dashed line with C2 � 0) the particle flux transport term. Note
that production terms are red line, destruction terms are black line, and transport
terms are blue line.

Figure 4.7 shows the effects of the particle flux transport term when being ac-

tivated (solid line with C2 � 0.5) and suppressed (dashed line with C2 � 0). The

model results are for particle sizes dp � 6 µm, 200 nm and 5 nm, selected here to rep-

resent different particle size classes. Model results computed from the second-order

MLM with suppressed particle flux transport term is a sui generis case, which is the

same as the first-order MLM proposed elsewhere (Katul et al., 2010a, 2011) with Dp

estimated by Dp,3. Hence, Figure 4.7 can be used to unfold how the particle flux
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transport term impacts the particle deposition processes, and to elucidate differences

between second-order and first-order closure in the MLM. From this comparison, it

can be surmised that:

(1) above the canopy, activating the particle flux transport term leads to smaller

total particle flux for particles in the coarse-mode, but the effect of the particle flux

transport term on the total particle flux profile can be neglected for particles smaller

than 1 µm. Moreover, the particle concentration above and in the topmost layers of

the canopy is not altered by the presence of the particle flux transport term.

(2) below the canopy top, the modeled particle concentration appears larger with

an activated particle flux transport term in the lower canopy layers. A somewhat

reversed picture emerges for the coarse-mode particles due to the combined effect of

the particle flux transport term and Vg, though S is large in the foliage-concentrated

region (see Figure 4.2(b)). The magnitude of the particle flux production term in

the upper part of the foliage is intensified with the activated particle flux transport

term, while the production term in the lower part of the foliage is impacted in

the opposite way. A reversed particle concentration-gradient can be produced by

artificially increasing the value of the parameter C2. Unfortunately, no simultaneous

measurements of w1w1C 1 and dw1C 1{dz for size-resolved particles are available at

present to evaluate C2. Measurements of particle concentration profiles in the size

range from 1 µm to 20 µm has been reported elsewhere (Whitehead et al., 2010) and

do show a reversed particle concentration-gradient within the canopy. Thus, a C2 �
0.5 is adopted here to simply illustrate that the second-order MLM proposed here can

reproduce a reversed particle concentration-gradient for a plausible C2. Additionally,

model sensitivity analysis (not shown here) was conducted on C2 and this analysis

suggests that a reversed particle concentration flux-gradient can be reproduced when

C2 ¡ 0.3 (using the definition of τpzq here). The analysis also implies that increasing

C2 does not appreciably impact the deposition velocity at the reference height (z{h �
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1.53) but mildly decreases the deposition velocity for the nucleation- and coarse-mode

particles in the trunk space. Interestingly, the comparisons here suggest that a first-

order closure scheme may be plausible for modeling Vd, especially in the size range

from 10 nm to 1 µm when the turbulent particle diffusivity is estimated from Dp,3.
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5

Wind-induced leaf transpiration

5.1 Introduction

The global water and carbon cycle sensitivity to stomata predicted by global climate

models that employ the Ball-Berry (Ball et al., 1987) or Leuning (Leuning, 1995)

stomatal conductance formulation has been convincingly documented (Betts et al.,

2007; Cox et al., 2000; Gedney et al., 2006). Likewise, detailed ecosystem models pre-

dicting gas exchange between the biosphere and atmosphere are analyzed in terms

of their sensitivity to stomatal conductance (Baldocchi et al., 2001; Katul et al.,

2012). Since water loss through stomata (i.e., transpiration) to the dry atmosphere

is inevitable when CO2 uptake (i.e., assimilation) occurs, how stomata respond to

environmental factors has long been an active research area. Environmental factors

governing transpiration (fe) from leaves include, at minimum, atmospheric CO2 con-

centration (ca), air temperature (Ta), air relative humidity (RH) or vapor pressure

deficit (VPD), photosynthetically active radiation (PPFD), soil moisture (or leaf

water potential) and mean wind speed (U) (Monteith, 1965). When surveying the

literature encompassing a wide range of ecosystems and environmental conditions,
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conflicting empirical results on the sign of Bfe{BU emerged (Bladon et al., 2006;

Campbell-Clause, 1998; Chu et al., 2009; Dixon and Grace, 1984; Grace, 1974; Grace

et al., 1975; Grace and Russell, 1982; Gutiérrez et al., 1994; Huang et al., 2010; Hunt

et al., 1967; Kim et al., 2014; Martin and Clements, 1935; Zalesny Jr et al., 2006).

Positive, negative or week dependency of fe on U for numerous forested canopies

has been highlighted and discussed elsewhere (Kim et al., 2014). This is perhaps

not surprising and has been foreshadowed by Monteith (1965) who pointed out that

wind effects on fe are a vexing problem because of their non-monotonic effects. The

thickness of the laminar boundary layer pinned to a leaf surface, which monotoni-

cally depends on U , determines the diffusive path length for the exchanges of gases

between the leaf surface and the turbulent atmosphere above the laminar boundary

layer. However, U also dictates the heat exchange between leaves and the overly-

ing atmosphere as well as the degree of evaporative cooling experienced at the leaf

surface depending on the radiation load.

The Penman-Monteith (PM) equation that utilizes an energy balance has been

extensively used to predict fe for more than 50 years in hydrology. The dependence

of fe on U was discussed in the original work describing the PM equation, indicating

that the sign of Bfe{BU is mainly governed by a competition between evaporative

cooling and surface heating (or cooling). However, the biotic controls for water

transport through the stomatal pathway (i.e., encoded as stomatal conductance gs

here) remain weakly dependent on U in the PM equation. To be clear, gas exchange

through stomata of biologically active scalars is a complex problem given the biotic

controls imposed by guard cells. The stomatal pathway serves as the main conduit

for CO2 and water vapor exchange, but this pathway can be further impacted by the

laminar boundary layer (see Figure 5.1). Thus, the main objective of this work is to

disentangle wind effects from other exogenous environmental factors (e.g., radiative

cooling) on gs and fe so as to explore the manifold of possible conditions promoting
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Figure 5.1: Schematic of the mass (CO2 and water vapor) and energy transfer
between the leaf and the atmosphere. Note that u is the average wind velocity at the
distance y from leaf surface within the laminar boundary layer and yb is the thickness
of the laminar boundary layer.

Bfe{BU to reverse from ¡ 0 to   0 with increasing U .

When analyzing responses of stomata to their environment, temperature, atmo-

spheric CO2 concentration and water vapor pressure at the leaf surface are commonly

assumed to be sufficiently close to their counterparts in the atmosphere represented

by their states beyond the outer edge of the laminar boundary layer. A plausi-

ble argument for this approximation is that the thickness of the laminar boundary

layer pinned to a leaf is sufficiently small so that the leaf is presumed to be ’well-

coupled’ to its environment. This approximation is common when interpreting leaf-

gas exchange measurements in cuvettes where the flow rate through the chamber

is sufficiently large to ensure the validity of the ’well-coupled’ approximation. This

approximation becomes also convenient when deriving relations between gs and ex-

ternal environmental conditions (Gates, 1968). Following this ‘approximation’, only

monotonic increase in fe with increasing U (i.e., Bfe{BU ¡ 0 for increasing U) is

expected primarily due to the reduced thickness of the laminar boundary layer. Be-
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cause measurements (e.g., gs) within such thin and disturbed laminar boundary layer

adjacent to the leaf experiencing variable U are difficult to conduct, a leaf-level gas

exchange model is needed and developed here for computing mass transfer of CO2

and water vapor. The model combines biochemical demand for CO2 as described

by the Farquhar photosynthesis model (Farquhar et al., 1980) for C3 plants, a Fick-

ian mass transfer including transfer through the laminar boundary layer that may

be experiencing forced or free convection depending on U and the radiation load,

an optimal leaf water use strategy that maximizes ‘net’ carbon gain for a given fe

describing stomatal aperture variations, and a leaf-level energy balance to accom-

modate evaporative cooling. Hence, the proposed model is able to bridge the gap

between biological controls through stomata and the aerodynamic modifications due

to U as may be experienced in natural settings. These calculations can be used to

arrive at a closed set of equations that predict fe through gs as impacted by variable

U . The manifold of conditions promoting the sign reversal of Bfe{BU with increasing

U can therefore be numerically delineated.

To address this study objective, the manuscript is organized as follows. The

model development is first presented in Section 5.2.1 and Section 5.2.2 featuring the

mass transfer equations for water and carbon dioxide gases through stomates and

through the laminar boundary layer. The Farquhar photosynthesis model applied

to the mesophyll and the energy balance at the leaf surface are then presented in

Section 5.2.3 and Section 5.2.4, respectively and then coupled to the mass transfer

equations. The optimality hypothesis for stomatal aperture variations with varia-

tions in environmental conditions, which is used to mathematically close the overall

set of equations for the model system, is discussed in Section 5.2.5. Other ’closure’

conditions for stomatal aperture variations such as those widely used in land-surface

schemes (e.g. a Ball-Berry or Leuning type closure) are briefly presented and elab-

orated on in an appendix. The goal of exploring these alternative and widely used
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stomatal conductance models is to highlight the non-linearities in Bfe{BU with in-

creasing U in such gs model closure. A broad range of environmental conditions

(mainly PPDF, soil moisture, and atmospheric humidity) are then explored in Sec-

tion 5.3.2-5.3.5 using the proposed model so as to unfold the possible environmental

conditions above the laminar boundary layer promoting a sign reversal in Bfe{BU
from ¡ 0 to   0. Because the work here employs published and recent wind tunnel

experiments on potted plants aimed at discerning the effects of U on measured fe,

these experimental conditions and the parameters required in model calculations are

used as a case study for the model and are discussed in Section 5.3.6. The measured

dependence of fe on U at low PPFD is presented in Section 5.3.7-5.3.8 using the

published and new sap flow measurements conducted for two different potted plants

with similar leaf dimensions in the wind tunnel across a wide range of U and for two

different soil moisture states. The wind-tunnel setup has been described elsewhere

(Chu et al., 2009) and only salient features of the experiment are summarized in D.1.

Since physiological parameters and total leaf area for the potted plants were not di-

rectly measured in these wind tunnel experiments, comparisons between modeled

and actual leaf-level fe cannot be directly conducted (discussed later). However, the

relative response of the sap flow measurements to U and their comparison to model

calculations can be used to illustrate the behavior of fe with varying U when all

other external conditions are set.

5.2 Theory

The notation and units used throughout are listed in D.2 and the mass exchange

processes at the leaf scale are featured in Figure 5.1. It is assumed that the state

variables such as air temperature, CO2 and water vapor concentrations above the

laminar boundary layer (denoted as the turbulent region) are ’well-mixed’ and their

vertical variations relative to those experienced across the laminar boundary layer
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are small. The energy driving the system is generated through a pre-set PPFD value

incident to the leaf surface. The mean wind speed is externally imposed but decays

to zero (i.e. no slip) at the leaf surface over a distance defining the laminar boundary

layer thickness. The analysis only applies after steady-state conditions in U and fe

are attained.

5.2.1 Fickian mass transfer

A two layer mass transport model describing the simultaneous transfer of CO2 and

water vapor across the sub-stomatal cavity and the laminar boundary layer attached

to the leaf surface (see Figure 5.1) is given as

fc � gt,CO2pca � ciq

fe � gt,H2Opei � eaq,
(5.1)

where fc is the CO2 flux, fe is, as before, the water vapor flux, ca is ambient (or ex-

ternal) and ci is the inter-cellular CO2 concentration, ea is ambient (or external) and

ei is inter-cellular water vapor pressures, gt,CO2 and gt,H2O are the total conductances

at the ‘leaf scale’ for CO2 and water vapor, respectively. Here, storage effects in the

leaf and laminar boundary layer are assumed to be small or negligible so that the

same mass fluxes cross the stomata and the laminar boundary layers at steady state.

Also, turbulent conditions away from the laminar boundary layer prevail thereby

allowing variations in ca and ea to be ignored far from the outer edge of the leaf

boundary layer as earlier noted. The gt,CO2 and gt,H2O can be formulated as

gt,CO2 �
gs,CO2gb,CO2

gs,CO2 � gb,CO2

gt,H2O �
pgs,H2O � gresq gb,H2O

gs,H2O � gres � gb,H2O

(5.2)

where gs,CO2 and gs,H2O(� 1.6gs,CO2) are respectively the stomatal conductance to

CO2 and water vapor (Jones, 1992), gres is the ‘residual conductance’, and gb,CO2
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and gb,H2O are respectively the boundary layer conductance for CO2 and water vapor

including both forced and free convection. These boundary layer conductances can

be determined from U and temperature difference (δT ) between the leaf surface

(Ts) and the atmosphere away from the laminar boundary layer (Ta) as well as

the characteristic dimension of the leaf (d) as described elsewhere (Campbell and

Norman, 1998). To determine fe and fc, gt,CO2 and gt,H2O are required. The following

sections describe the determination of gb,i (that varies with U and δT � Ts � Ta)

and gs,i where i refers to CO2, H2O or sensible heat (H). As shown by several

experiments (Dawson et al., 2007; Caird et al., 2007; Novick et al., 2009), nocturnal

transpiration need not be zero and can be attributed to a combined effect of water

loss from stomata (minor leakage from guard cells) and cuticle. This additional

water loss typically constitutes 10-30 % of daily transpiration but is not regulated by

the biochemical demand of CO2. Thus, gres in Equation (5.2) must be interpreted

as the sum of night-time (i.e., modeled by setting PPFD=0) stomatal gnight and

cuticular gcut conductance without distinguishing between them. Equation (5.2) also

assumes that the mesophyll conductance to CO2 is much larger than its stomatal

counterpart though these mesophyll effects can be included if known (e.g., Volpe

et al. (2011)). Hence, when using equation (5.1), a point of departure from previous

models is that well-coupled conditions between the leaf and the atmosphere (i.e.,

fc � gs,CO2pca � ciq and fe � gs,H2OVPD) are not assumed as the laminar boundary

layer thickness changes with changing U as well as leaf surface heating or cooling. It is

for this reason that previous models using this approximation predict only increasing

fe with increasing U and a constant gs,CO2 independent of U (see D.3).
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5.2.2 Boundary layer conductances for heat and mass transfer in forced and free
convection

For heat and mass transfer within the laminar boundary layer adjacent to the leaf

surface, the combined effects of forced and free convection can be expressed as:

gb,i � 1.4gb,i,forced � gb,i,free (5.3)

where gb,i is the boundary layer conductance, gb,i,forced and gb,i,free are respectively the

forced and free convection conductances. The factor of 1.4 is adopted for naturally

turbulent flow as suggested elsewhere (Campbell and Norman, 1998). Through the

connection to U , d and δT (the temperature difference across the laminar boundary

layer reflecting Ts�Ta), the empirical formulations of gb,H,forced and gb,H,free are given

as (Campbell and Norman, 1998):

gb,H,forced � 0.664ρDHRe
1{2Pr1{3

d
,

gb,H,free � 0.54ρDHpGrPrq1{4
d

,

(5.4)

where ρ is the mean air molar density, DH is the thermal diffusivity, Re � pUdq{ν
is the Reynolds number, where ν is the air kinematic viscosity, Pr � ν{DH is the

Prandtl number, and Gr � pgd3δT qrpTa � 273.15qν2s is the Grashof number, where

g is the gravitational acceleration. The forced and free convection conductances for

CO2 and water vapor can be determined by substituting DH and Pr in Equation

(5.4) with their molecular diffusivity Di and Schmidt number Sc, respectively. A leaf-

level energy balance (see Section 5.2.4) is now required to determined the unknown

variable Ts (or δT ).

5.2.3 Farquhar photosynthesis model

For C3 species, the biochemical demand for CO2 is commonly described by the

C3-photosynthesis model (Farquhar et al., 1980). Here, this biochemical demand
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Table 5.1: Physiological parameters and their temperature adjustments for bio-
chemical model (Campbell and Norman, 1998).

Parameters Value or temperature adjustment Unit
Vcmax,25

a 50 µmol m�2 s�1

Jmax,25
a 100 µmol m�2 s�1

Kc,25 300 µmol mol�1

Ko,25 300 mmol mol�1

Coa 210 mmol mol�1

Vc,max Vcmax,25
expr0.088pTs � 25qs

1� expr0.29pTs � 41qs µmol m�2 s�1

Jmax
b Jmax,25 expr160pTs � 25q

298RTs
s µmol m�2 s�1

Kc Kc,25 expr0.074pTs � 25qs µmol mol�1

Ko Ko,25 expr0.018pTs � 25qs mmol mol�1

τ 2.6 expr�0.056pTs � 25qs mmol mol�1

Γ� Coa
2τ

µmol mol�1

a The values of Vcmax,25 and Jmax,25 were taken to be within the range of the
data reported elsewhere (Wang et al., 1996; Wullschleger, 1993).
b The formulations of Jmax and Vc,max dependent on the normalized Jmax,25

and Vcmax,25 at 25 �C were adopted from elsewhere (Campbell and Norman,
1998; Bernacchi et al., 2001; Medlyn et al., 2002).

is approximated by a hyperbolic function reflecting the co-limitations of Rubisco

activity and ribulose-1,5-biphosphate (RuBP) regeneration rate (and hence electron

transport) on photosynthesis and is given as (Vico et al., 2013):

fc � k1 pci � Γ�q
k2 � ci

�Rd

k1 � J

4

k2 � k1
a2

Vc,max

(5.5)

where k1 and k2 are associated with the photosynthetic parameters, Γ� is the CO2

compensation point in the absence of mitochondrial respiration, Rd is the daytime

mitochondrial respiration rate, J is the electron transport rate that varies with PPFD

and the light saturated rate of electron transport (Jmax) as described elsewhere (Med-
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lyn et al., 2002; Vico et al., 2013), a2 � Kc p1� Coa{Koq, where Kc and Ko are the

Michaelis constants for CO2 fixation and oxygen inhibition and Coa is the ambi-

ent oxygen concentration, and Vc,max is the maximum carboxylation capacity. A

feature of this representation is that the abrupt transition between Rubisco-limited

and RuBP-limited photosynthesis is bypassed without requiring an additional ad

hoc curvature parameter. This form of the biochemical demand for CO2 ensures

that at low ci, Vc,max appreciably controls photosynthesis. Conversely, at large ci,

Jmax limits photosynthesis. The parameters of the biochemical demand model and

their temperature adjustments are summarized in Table 5.1. Combining Equations

(5.1) and (5.5), ci and fc can be expressed as a function of gt,CO2 and photosynthetic

parameters using (Katul et al., 2010b):

ci
ca
� 1

2
� 1

2gt,CO2ca
r�k1 � k2gt,CO2 �Rd

�
b
rk1 � pk2 � caq gt,CO2 �Rds2 � 4gt,CO2 p�cagt,CO2k2 � k2Rd � k1Γ�qs

(5.6)

and

fc � 1

2
rk1 � pk2 � caq gt,CO2 �Rd

�
b
rk1 � pk2 � caq gt,CO2 �Rds2 � 4gt,CO2 p�cagt,CO2k2 � k2Rd � k1Γ�qs.

(5.7)

From Equations (5.6) and (5.7), it is evident that ci and fc (i.e.,the biochemical

demand for CO2) are impacted by the laminar boundary layer through gt,CO2 (see

Equation 5.2) when accounting for the aerodynamic changes induced by changes in

U . The laminar boundary layer bridging the atmosphere to the leaf surface may be

substantially altered when the leaf is decoupled from the atmosphere given that fc,

fe and H are respectively connected to ca, ea and Ta through gb,i (see Figure 5.1) and

photosynthetic parameters that depend on Ts (not Ta). Two additional formulations

are now required to solve for gs,CO2 and Ts assuming gres can be a priori estimated.
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5.2.4 Energy balance at the leaf scale

When the specific heat capacity of the leaf is assumed to be minor and can be

ignored, the leaf energy balance under steady-state conditions can now employed to

determine Ts and is given as (Campbell and Norman, 1998):

Qn � Qabs �Qout � H � LE

Qout � εsσ pTs � 273.15q4
H � cpgb,H pTs � Taq
LE � Lfe{Pa,

(5.8)

where the net radiation (Qn) is computed from the difference between the absorbed

radiation (Qabs) and emitted longwave radiation (Qout) balanced by H and latent

heat (LE) fluxes on the leaf surface, εs is the leaf surface emissivity, σ is the Stefan-

Boltzmann constant, cp is the specific heat capacity of dry air at constant pressure,

L is the latent heat of vaporization of water, gb,H is the boundary layer conductance

for heat in forced and free convection (see Section 5.2.2), and Pa is the atmospheric

pressure. The Qabs can be determined from PPFD measurements assuming a con-

stant ratio of all-wave Qabs to incident PPFD as suggested elsewhere (Green et al.,

1995). The Ts is now computed as:

Ts � Ta � Qabs � εsσ pTs � 273.15q4 � Lgt,H2O pei � eaq {Pa
cpgb,H

(5.9)

where ei � e� pTsq given that the water vapor pressure in the inter-cellular air space

is nearly saturated at temperature Ti � Ts (see Figure 5.1). It is to be noted

that Ts is determined here without invoking any linearization, which is a departure

from the assumptions used in the original PM derivation. However, a numerical

scheme for solving Ts is now required as Ts is retained on the right hand side of

Equation (5.9) (also embedded in gt,H2O and gb,H). Equations (5.8) and (5.9) again

show the significance of the aerodynamic modifications introduced by U through gb,i
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contributing to H (or Ts) and LE. Also, the derivation here assumes that gb,i ¡ 0,

which necessitates a U ¡ 0. The partitioning of the leaf energy balance to H or LE is

also connected to the biochemical demand for CO2 and optimal water use (discussed

later) as shown in Section 5.2.1 and Section 5.2.5.

5.2.5 Optimality hypothesis for stomatal aperture variations

To close the system of equations, a number of models have been proposed as indepen-

dent expressions for gs,CO2 (see review by Damour et al. (2010)). Here, an optimality

hypothesis (Berninger and Hari, 1993; Cowan and Farquhar, 1977b; Givnish and Ver-

meij, 1976; Hari et al., 1986; Konrad et al., 2008) that uses the economics of leaf-gas

exchange is selected in lieu of the widely used Ball-Berry (Ball et al., 1987) (super-

scripted as BB) or Leuning (Leuning, 1995) (superscripted as LEU) semi-empirical

models. According to this hypothesis, the short-term regulation of stomatal aperture

is achieved by maximizing carbon gain constrained by water availability or water loss

(i.e., fe). This constrained optimization is mathematically equivalent to an uncon-

strained optimization problem using an objective function (or Hamiltonian) defined

as

ha pgs,CO2q � fc � λfe, (5.10)

where the species-specific cost of water parameter λ is known as the marginal water

use efficiency and measures the cost to the plant of loosing water in carbon units

thereby bridging the carbon and water economies of the plant. Mathematically, λ

is the Lagrange multiplier for the unconstrained optimization problem. Assuming

λ is approximately constant on time scales commensurate with stomatal aperture

fluctuations but it can vary on longer time scales (Manzoni et al., 2013c), the optimal

gs,CO2 can be determined by setting

Bha pgs,CO2q
Bgs,CO2

� Bfc
Bgs,CO2

� λ
Bfe

Bgs,CO2

� 0, (5.11)
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Figure 5.2: Flowchart of numerical calculation process for the model system.

with λ � pBfc{Bgs,CO2q{pBfe{Bgs,CO2q � b2 ¡ 0, where b is constant over time scale

over which gs,CO2 rapidly varies. Formulated in this manner, gs,CO2 must be ‘numer-

ically’ computed. Analytical formulation for gs,CO2 can be derived when additional

assumptions are proposed including gt,CO2 � gs,CO2 or when gb,CO2 " gs,CO2 and the

leaf is well coupled to the atmosphere as proposed elsewhere (Katul et al., 2010b)

and shown in D.3. Upon further assumption of a constant long-term ci{cs and a

linearized biochemical demand function, the analytical form of gs,CO2 derived from

the optimality hypothesis has been shown to be identical to BB and LEU (see D.4)
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except for the reduction function of VPD or RH (Katul et al., 2012). When ex-

ploring the manifold of possible conditions promoting Bfe{BU to reverse from ¡ 0

to   0 with increasing U , the BB and LEU formulations are also employed instead

of the optimality hypothesis and the outcomes of these calculations are presented

separately in D.4 but highlighted in the results section.

As shown in Figure 5.2, a numerical solution is now required to determine gs,CO2

and Ts as well as fc, fe, and H for a given set of external variables U , Pa, PPFD,

Qabs, Ta, ea (or RH), ca and leaf dimension d, given that the laminar boundary layer

may play a significant role on leaf-level gas exchange. The following parameters are

need to conduct the model calculations: Vc,max, Jmax, λ and εs. The analysis here

also assumed that Bgres{Bgs,CO2 � 0 thereby necessitating an independent estimate

of gres to complete the mathematical description as earlier noted.

5.3 Results and discussions

To address the study objective, four scenarios are examined through model cal-

culations to explore the effects of soil water availability and evaporative demand on

leaf-level gas exchange across a wide range of wind speed and light availability. These

scenarios are for (1) well-watered soil conditions with small evaporative demand, (2)

water-stressed soil conditions with small evaporative demand, (3) large evaporative

demand under well-watered soil moisture conditions and (4) large evaporative de-

mand under water-stressed soil moisture conditions. These model results are then

contrasted with sap flow velocity measurements for a wide range of U but two dif-

ferent soil moisture states reported in previous wind-tunnel experiments (Chu et al.,

2009) and a recent one with a similar configuration described in D.1. A drawback in

these experiments is that the artificial light used to generate a steady PPFD in the

wind-tunnel experiments only corresponds to a low value encountered in natural set-

tings (about a factor of 5-6 lower than the maximum theoretical PPFD for clear-sky
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conditions).

5.3.1 Model analysis illustrating a decreasing fe with increasing U

Prior to discussing the effects of U on leaf-level gas exchange, the difference between

the ‘actual’ evaporative demand and evaporative demand approximated by VPD

requires clarification. The VPD is the difference between actual and saturated water

vapor pressure in the atmosphere (i.e., VPD� ea
�pTaq�ea � ea

�pTaqp1�RHq), where

ea
�pTaq is the saturated water vapor pressure at a given ambient temperature outside

the laminar boundary layer and can be determined from atmospheric RH and Ta.

However, VPD may substantially deviate from the ‘actual’ evaporative demand (i.e.,

ei�ea), which is impacted by wind speed above the leaf surface (see Figure 5.1). The

deviation between these two evaporative demands increases when the leaf becomes

’decoupled’ from the atmosphere (i.e., Ts � Ta and thus ei � ea
�pTaq) as expected.

For the purposes here, VPD (or RH) outside the laminar boundary layer is used to

define the dryness of the atmosphere because this measure is not sensitive to U and

because it is commonly ’imposed’ on the canopy by much larger scale meteorological

conditions. The RH � 60 % and 20 % were respectively set for small and large

atmospheric evaporative demand in model calculations. The PPFD range explored

here is selected to be within the expected range of diurnal variations observed in

field conditions. All other environmental factors (i.e., Ta � 25 �C, ca � 400 ppm and

Pa � 101.3 kPa), physiological parameters (i.e., Vcmax,25 and Jmax,25 are respectively

50 and 100 µmol m�2 s�1, which are well within the range in a literature survey

encompassing more than 100 species (Wang et al., 1996; Wullschleger, 1993)), leaf

attributes (i.e., d=0.015 m) and εs � 0.95 are maintained constant. It should be

noted that the overall features for the following discussions (i.e., Section 5.3.2-5.3.5)

associated with the model calculations are not altered by the choice of the two

physiological parameters. While a larger value of λ is expected for limited soil water
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availability (Katul et al., 2012; Mäkelä et al., 1996; Manzoni et al., 2011), the values

of λ selected for well-watered and water-stressed conditions are respectively 0.001

and 5 µmol mol�1 kPa�1 to represent two extreme water conditions in the soil. The

value of gres is set to be 0.04 mol m�2 s�1 but the analysis is not sensitive to gres

when it resides in the range from 0.02 to 0.1 mol m�2 s�1 (not shown here). This

range covers values reported for many species as summarized elsewhere (Caird et al.,

2007). The modeled fe, fc and gs,CO2 as well as a number of dimensionless ratios such

as the Bowen ratio (� H{LE), leaf flux-based water use efficiency (WUE� fc{fe)
and ci{cs are shown in Figure 5.3, 5.4, 5.5 and 5.6 for the four scenarios and for

increasing U .

5.3.2 Well-watered conditions with small evaporative demand

Figure 5.3 shows that fe, fc and gs,CO2 generally increase with increasing PPFD as

expected. How the trend of fe, fc and gs,CO2 is impacted by U clearly varies for

different light conditions. Based on the model calculation, Bfe{BU ¡ 0 at lower

PPFD while Bfe{BU   0 at higher PPFD. The transition occurs at PPFD � 1550

µmol m�2 s�1 and can be explained by how the energy balance is partitioned between

H and LE as U increases. The Bfe{BU ¡ 0 with increasing U occurs when the Bowen

ratio   0. For a small Bowen ratio, H further decreases (i.e., H   0; surface cooling)

with increasing U (i.e., gb,H) at low PPFD. The model calculations suggest the H   0

in the energy balance is an outcome of evaporative cooling and low Rn. At higher

PPFD, increases in H (i.e., H ¡ 0; surface heating) occur due to rapid increases

in gb,H with increasing U . This increase in H is mediated by the fact that the

difference between Ts and Ta (i.e. the driving force for H) tends to diminish with

increasing U (see Equation (5.8)). Not withstanding this compensatory effect arising

from a reduced driving force for H, the overall increase in H results in a decrease in

LE. This highlights the main mechanism leading to an apparent decline in fe with
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Figure 5.3: Modeled transpiration rate (fe), assimilation rate (fc), stomatal
conductance (gs,CO2), Bowen ratio (H{LE), WUE (fc{fe) and the ratio of the
inter-cellular to leaf-surface CO2 concentration (ci{cs) as a function of wind speed
(U) and photosynthetically active radiation (PPFD) for well-watered soil condition
(λ � 0.001 µmol mol�1 kPa�1) and small evaporative demand (RH � 60 %). Note
that the transition PPFD for the reversal sign of Bfe{BU and Bfc{BU are 1550 and
1250 µmol m�2 s�1 and represented by the broken lines, respectively. The broken
line for Bowen ratio (� 0.75) represents the corresponding transition for fe.

increasing U . It may be stated that when H   0, Bfe{BU ¡ 0 for all U . However,

when H ¡ 0, Bfe{BU   0 with further increases in U .

Similar to fe, modeled fc declines at high PPFD but increases at low PPFD with

increasing U . The transition occurs when PPFD � 1250 µmol m�2 s�1 (i.e., lower

than fe). The increasing trend in fc with increasing U at a low PPFD was also

reported elsewhere (Kitaya et al., 2004) for tomato seedlings in a wind-tunnel type

chamber. Different from fe and fc, a monotonic increase in gs,CO2 with increasing U

was maintained across all PPFD in the model calculations. Adopting well-coupled

assumption, however, common models assume gs,CO2 only serves as an upper limit
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for gt,CO2 and remains constant for different U even when the leaf is ’decoupled’ from

the atmosphere at low wind speed (see D.3). The modeled gb,CO2 here is dominated

by forced convection (i.e., free convection is negligible) and gb,CO2"gs,CO2 (not shown

here), leading to gt,CO2 � gs,CO2 and cs � ca. These results illustrate how variations in

gs,CO2 can be associated with changing U even for well-coupled conditions between

leaf and atmosphere. For a given U (i.e., the replenishment rate of CO2 through

the laminar boundary layer is fixed), larger ci{cs in the lower PPFD regime can be

attributed to smaller assimilation rate so that ci tends to be closer to cs (i.e., the

depletion rate of CO2 in the stomatal cavity is low). On the other hand, increasing

ci{cs with increasing U at a given PPFD suggests that gs,CO2 promoted by gb,CO2

at higher U resulted in larger replenishment rate of CO2 in the stomatal cavity.

Larger flux-based WUE (� fc{fe) was computed under low U and low PPFD due to

faster reductions in fe with decreasing U when compared to fc at low PPFD. This

implies that WUE may be larger for leaves within the lower part of a canopy if the

physiological, radiative, and aerodynamic characteristics are unaltered (though a less

likely scenario given variations in leaf nitrogen content).

5.3.3 Water-stressed condition with small evaporative demand

Figure 5.4 shows trends in fe, fc and gs,CO2 with increasing U for variable PPFD

when soil moisture is limiting (i.e., large λ). Modeled fe and fc trends with increasing

U agree with their well-watered counterparts but their transitions are now ’shifted’ to

smaller PPFD (� 1350 and 1150 µmol m�2 s�1 for fe and fc, respectively). The tran-

sition for fe at a smaller PPFD can be explained again by the larger Bowen ratio due

to the smaller fe induced by water-stressed conditions (higher λ). Compared with

well-watered conditions (see Figure 5.3), gs,CO2 is generally smaller. Also, gs,CO2 does

not significantly increase with increasing U in low PPFD and even decreases with

increasing U in the high PPFD range. Field experiments (Campbell-Clause, 1998)
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Figure 5.4: Same as Figure 5.3 but for water-stressed soil conditions (λ � 5 µmol
mol�1 kPa�1) and small evaporative demand (RH � 60 %). Note that the transition
PPFD for the reversal sign of Bfe{BU and Bfc{BU are 1350 and 1150 µmol m�2 s�1

and represented by the broken lines, respectively. The broken line for Bowen ratio
(� 0.75) represents the corresponding transition for fe.

on two grapevine cultivars measured by porometry reported a reduced gs,CO2 with

increasing U , a pattern consistent with the model results here. Moreover, smaller

ci{cs corresponding to a larger λ have been predicted for this scenario, which is

supported by experiments and other model predictions (Katul et al., 2012; Prentice

et al., 2011). In general, ci{cs varies with gs,CO2 (� gt,CO2) but its dependence on Ts

in the physiological parameters of Equation (5.6) complicates its variations with U .

Thus, modeled ci{cs at the two end members of the light regime (i.e., very low and

very high light PPFD) can exhibit non-monotonic variation with increasing U . As

a consequence, the model results predict enhanced WUE compared to well-watered

conditions because fe is reduced more rapidly with increasing λ than fc. Recall that

fc is impacted by another compensatory physiological mechanism (regulating ci) and
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optimality conditions tend to maximize fc for a given fe. With progressively drying

conditions in the soil, similar trends in WUE have been reported elsewhere again

lending some support to the model results here (DeLucia and Heckathorn, 1989; Liu

et al., 2005; Masle and Farquhar, 1988). This analysis suggests that WUE may in-

crease with some reductions in water supply from the soil volume without significant

reductions in plant photosynthesis (and possibly crop yield in some instances).

5.3.4 Large evaporative demand under well-watered conditions

Figure 5.5: Same as Figure 5.3 but for well-watered soil condition (λ � 0.001
µmol mol�1 kPa�1) and high evaporative demand (RH � 20 %).

The responses of fe, fc and gs,CO2 to smaller RH (i.e., overall ‘actual’ evaporative

demand is larger) under well-watered soil condition are shown in Figure 5.5. When

soil water availability is not limiting leaf transpiration, the effect of enhanced driving

force from the atmosphere reduces gs,CO2 monotonically (i.e., Bgs,CO2{BVPD  0 for

all VPD; roughly, gs,CO2 � VPD�1{2 to a leading order; see Katul et al. (2010b)).
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This finding is consistent with Helox experiments (i.e., helium:oxygen mixture is

used as a surrogate to control the ‘actual’ evaporative demand) reported elsewhere

(Mott and Parkhurst, 1991) and forms the basis of the Hamiltonian Ha. However,

reduced gs,CO2 due to larger evaporative demand diminishes fc and ci{cs, but fe

is enhanced by increased evaporative demand because of the increased driving force

(i.e., fe � VPD�1{2 � VPD to a leading order). As a result, a decreasing overall WUE

with larger evaporative demand emerges. Using leaf gas exchange measurements,

the response of fc and fe as well as WUE to increasing evaporative demand for

Gossypium hirsutum L. under well-watered condition, explored in glasshouse bays

by Duursma et al. (2013), are consistent with the model calculations here. Since

fe increases with increasing evaporative demand, the H and Bowen ratio governed

by the energy balance are subsequently reduced, leading to a shift in the transition

PPFD where Bfe{BU reverses sign with increasing U in a PPFD value well outside

the range considered here. For the particular conditions explored here, Bfe{BU ¡ 0

prevails for all PPFD commonly encountered in ecosystem studies. Evaporative

cooling dominates throughout given that surface heating is reduced with increasing

U even in high PPFD.

5.3.5 Large evaporative demand under water-stressed conditions

Figure 5.6 shows the trends in fe, fc and gs,CO2 with respect to variable U and PPFD

when evaporative demand and soil water availability are simultaneously limiting leaf-

level gas exchange with the atmosphere. Compared to the well-watered conditions

with large evaporative demand (see Figure 5.5), a further reduction in gs,CO2 is

expected due to limited soil water availability (i.e., larger λ). As discussed earlier,

the overall decreasing trend in fe, fc and ci{cs can be simply explained by this

reduced gs,CO2 , given a constant driving force from the atmosphere. Similar to the

comparison for small evaporative demand between the two end members of the soil
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water availability conditions (see Section 5.3.2 and 5.3.3), the more rapid reduction of

fe than fc results in enhanced WUE. Interestingly, the transition PPFD responsible

for the reversed sign of Bfe{BU emerges again. This is because the corresponding

H and Bowen ratio are enhanced with decreasing LE (i.e., fe) thereby shifting back

the transition within the range of PPFD considered here. This transition occurs at

PPFD � 1400 µmol m�2 s�1.

Figure 5.6: Same as Figure 5.3 but for water-stressed soil conditions (λ � 5 µmol
mol�1 kPa�1) and high evaporative demand (RH � 20 %). Note that the transition
PPFD for the reversal sign of Bfe{BU and Bfc{BU are 1400 and 1250 µmol m�2 s�1

and represented by the broken lines, respectively. The broken line for Bowen ratio
(� 0.75) represents the corresponding transition for fe.

To sum up, Bfe{BU ¡ 0 is generally satisfied for low PPFD. However, Bfe{BU at

high PPFD can be positive or negative depending on the driving forces for transpi-

ration (e.g., evaporative demand) and soil water availability (e.g., leaf water status

and λ). Figure 5.7 summarizes Bfe{BU for a wide range of U and typical low and

high PPFD, low and high evaporative demand and for two extreme λ’s representing
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different soil water availability. It is to be noted that when replacing the optimal

stomatal conductance closure with BB or LEU formulations, qualitatively similar

results emerge though the transition points shift to smaller PPFD due to the larger

predicted values of fe as shown in D.4.
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Figure 5.7: The fe-U trends under two selected light conditions (i.e., PPFD=600
and 1600 µmol m�2 s�1) for the four scenarios. Note that the model results here
are extracted from Figure 5.3, 5.4, 5.5 and 5.6 to illustrate the persistent monotonic
increases in fe under low light condition but possible non-monotonic variations or
decreasing trends in fe at the high light level.
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5.3.6 Sap flow measurements in a wind tunnel

Figure 5.8: (a) A photograph of the two broadleaf species and (b) the wind-tunnel
and (c) schematic of the wind-tunnel setup.

To further explore the variations in Bfe{BU with increasing U , sapflow velocity

(Vs) data reported by Chu et al. (2009) are complemented by recent experiments on

the same species and in the same wind tunnel. The experimental setup, the species

used, and the soil moisture conditions are reviewed in D.1 (see also Figure 5.8). In

the experiments here, only whole plant (or branch) steady-state transpiration rate

Fe derived from Vs is available for two species across various U for: nocturnal (or

PPFD=0) and low PPFD (=250 µmol m�2 s�1) and for two soil moisture states

(well-watered and water-stressed). Steady-state conditions were checked for each

prescribed U by waiting until measured dVs{dt � 0. A major advantage of the wind
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tunnel setup is that all the leaves experienced steady and uniform U and PPFD

permitting direct fe-trend comparison with leaf-level gas exchange model calculations

under given conditions. For comparisons with the model results, the focus is on

the behavior of Bfe{BU variations. Hence, to facilitate this comparison, measured

transpiration rates are normalized using the scaling relation:

Fe
Femax

� VsAs
VsmaxAs

� feAl
femaxAl

� Vs
Vsmax

� fe
femax

(5.12)

where As and Al are respectively the sapwood and total leaf area, and Femax and

femax are Fe and fe at maximum wind speed for each set of PPFD and soil moisture

conditions. Likewise, the model results are normalized by their fe at maximum wind

speed for each PPFD and soil moisture conditions. This normalization is selected

because U variations are to be studied while all other conditions are held constant.

The normalization for the measurements is expected to be reasonable under steady

state conditions as is the case here (see D.1) and for a linear relation between Fe and

Vs, which was reported by Chu et al. (2009). Recall that a direct comparison between

measured and modeled fe (or Fe) cannot be conducted due to the lack of As and

Al measurements as well as leaf-gas exchange parameters. As shown later through

model calculations, such normalized fe may be sufficiently adequate to capture plant

system responses to U variations, which is the main focus here. Three physiologi-

cal parameters must be a priori specified before implementing the proposed model:

Vcmax,25, Jmax,25 and λ. For all runs, including runs employing the published data

from Chu et al. (2009) and the recent wind-tunnel experiments, the Vcmax,25 and

Jmax,25 were taken to be 50 and 100 µmol m�2 s�1 (see Table 5.1). Though leaf-level

gas exchange measurements were not available to infer directly these parameters,

a sensitivity analysis showed that when using normalized-fe (i.e. fe normalized by

its maximum coinciding with the highest U for model and measurements) for com-

parisons, modeled normalized-fe was not sensitive to the precise choice of Vcmax,25
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and Jmax,25 (see D.5). The values of λ used for the two species under different soil

water conditions are summarized in Table 3.2. For well-watered conditions (i.e.,

when the cost of water in carbon units is small), λ � 0.001 µmol mol�1 kPa�1 and

is arbitrarily selected. The normalized fe variations with U are again not sensitive

to this choice of λ provided its value is sufficiently small and finite (Katul et al.,

2010b) for well-watered soil conditions. However, a larger value of λ is expected

when soil water availability is limited as mentioned before (see Section 5.3.1). The

λ for Pachira macrocarpa and Messerschmidia argentea under water-stressed condi-

tions were determined by fitting modeled to measured normalized-fe. The resulting λ

are respectively 0.85 and 3.5 µmol mol�1 kPa�1 for Pachira macrocarpa and Messer-

schmidia argentea, which are within the range reported for approximately 50 species

(Manzoni et al., 2011). It was found that trends in normalized-fe with variable U

chiefly depend on λ and PPFD once the evaporative demand, ca, PPDF, and air

temperature are set. Based on these findings, the wind-tunnel comparison presented

here only utilizes normalized-fe with pre-specified Vcmax,25 and Jmax,25 as the goal is

to illustrate the low PPFD condition responsible for the positive sign of Bfe{BU . For

the computation of gb,i, d is assumed to be 0.015 m for both species and all cases.

The trends in the measurements and models for normalized fe are now presented for

the published and the more recent wind tunnel experiments.

5.3.7 Previous wind-tunnel experiments (Chu et al., 2009)

Where possible, the measured nocturnal (i.e. PPDF=0) sap flow in the previous

wind-tunnel experiments (Chu et al., 2009) are used for inferring gres (see discus-

sion in Section 5.2.1). It is inferred by matching normalized-fe computed from the

energy balance to the steady-state sap flow measurement (i.e., no capacitive effects

and water refilling the xylem) for various U . Furthermore, this gres is assumed to

be independent of gs,H2O so that Bgres{Bgs,H2O � 0 as noted earlier. Using pub-

106



2 3 4 5 6 7 8 9 10
0.2

0.4

0.6

0.8

1
(a)

Nocturnal transpiration

fe
/fn

e,
m

ax

2 3 4 5 6 7 8 9 10
0.2

0.4

0.6

0.8

1
(b)

Daytime transpiration

fe
/fe

m
ax

2 3 4 5 6 7 8 9 10
0.1

0.15

0.2

0.25

0.3
(c)

U (m s−1)

g s,
C

O
2 (

m
ol

 m
2  s

−
1 )

Figure 5.9: (a) Comparisons between measured (symbols) and modeled (solid
line) nocturnal fe normalized by its maximum nocturnal value for different wind
speed conditions(U). (b) Same as figure 5.9(a) but for daytime normalized-fe, where
the normalization is based on maximum daytime value. (c) Modeled stomatal con-
ductance (gs,CO2) under different wind conditions. The data is taken from Chu et al.
(2009). Note that the best-fit nocturnal residual conductance (gres � 0.04 mol m�2

s�1) is first obtained from matching nocturnal fe computed through energy balance
to the measured nocturnal fe as shown in figure 5.9(a), and the optimality hypothe-
sis is implemented to compute daytime fe and gs,CO2 as shown in figures 5.9(b) and
5.9(c).
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lished data reported elsewhere (Chu et al., 2009), the measured nocturnal fe (i.e. at

PPFD=0) normalized by the maximum nocturnal fe (labeled as fne,max) at max-

imum U versus the modeled results with the best-fit gres � 0.04 mol m�2 s�1 is

shown in Figure 5.9(a). The best-fit gres was determined from a ‘global search’

that minimizes the root-mean squared percent error (RMSPE) between modeled

and measured fe{fne,max during conditions where PPFD=0. Here, the RMSPE is

defined as

RMSPE �
gffe 1

N

Ņ

i�1

∆i
2 � 100, (5.13)

where N is the number of data points and ∆i is the difference between measured

and modeled fe{fne,max computed solely from energy balance considerations. During

nighttime (i.e. PPFD=0), the main external driver responsible for fe variability is

variation in U (i.e., gb,H2O) given that the evaporative demand (i.e., Ta and RH)

and gres are constants and the soil was well-watered in those published experiments

(Chu et al., 2009). The constant gres here does not imply a constant fe when U

increases, and in fact, nocturnal fe does increase with increasing U through gb,H2O.

It is to be noted that gres � 0.04 mol m�2 s�1 is determined only from these prior

experiments. The data set described in D.1 are not used in the inference of gres

as the aforementioned data are all collected at PPFD=250 µ mol m�2 s�1 (i.e. no

nocturnal like runs).

Inserting the best-fit gres (� 0.04 mol m�2 s�1) into the leaf-level gas exchange

model described in Section 5.2, Figure 5.9 (b) shows reasonable agreement between

measured and modeled daytime normalized-fe reported in Chu et al. (2009) for well-

watered soil condition for different U at PPFD� 250 µmol m�2 s�1. The gres only

serves as an additional pathway for water vapor transport (but not CO2) during day-

time. As suggested elsewhere (Caird et al., 2007), no experimental evidence has been
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presented that shows significant impact of gres on gs,CO2 or carbon gain. Addition-

ally, model sensitivity analysis (not shown here) was conducted on gres demonstrating

that gs,CO2 and fc are not sensitive to variations in gres, which only provides a base

line value for fe during daytime conditions. The increasing trend in modeled gs,CO2

(not gt,CO2) with increasing U is presented in Figure 5.9(c) for the same conditions

as those in Figure 5.9(b). The monotonic increase in fe and gs,CO2 with increasing U

occurs at low PPFD reported here, which is consistent with other wind-tunnel stud-

ies conducted at low PPFD regimes (Grace, 1974; Grace and Russell, 1982; Hunt

et al., 1967; Martin and Clements, 1935).

5.3.8 Recent wind-tunnel experiments

For the two species in the present wind-tunnel experiment, the comparison between

measured and modeled daytime (i.e. PPFD = 250 µmol m�2 s�1) fe normalized

by the corresponding maximum daytime fe under two different soil water conditions

across a wide range of U is shown in Figure 5.10. Previous data from Chu et al.

(2009) are included only for reference (see Figure 5.9 (b)). In Figure 5.10, the arrow

indicates the direction of increasing U . Similar to Figure 5.9 (b), the normalized-fe

for each species at a given soil water status monotonically increases with increasing

U at the low PPFD that is consistent with model predictions. It should be noted

again that we do not attempt to conduct a one-to-one comparison between measured

and modeled absolute fe given the absence of leaf physiological measurements, leaf

area index, and leaf-to-sapwood area. Only trends in measured sap flow velocity

at steady-state conditions, when properly normalized, are used for such qualitative

comparisons between measured and modeled fe with increasing U . To be clear,

the recent experiments are employed as independent data sources to show only the

increasing trends in fe with increasing U at low PPFD for the two different species

and two different soil water availability. Moreover, measured Vs (used as a surrogate
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to fe) for the two species under water-stressed soil conditions was significantly smaller

when compared to their well-watered counterparts. The reductions in Vsmax are

approximately 20 % and 15 % for Pachira macrocarpa and Messerschmidia argentea,

respectively. It is also suggested that the potted plants did sense soil moisture stress

even though the drop in the measured water saturation is only 10 % (see Table 3.2)

between well-watered and water-stressed conditions. To sum up, these comparisons

suggest that the proposed model reasonably recovers the patterns reported in the

wind tunnel experiment for steady low PPFD and quasi-steady soil moisture states

and across a wide range of wind speeds.

Figure 5.10: Comparison between measured and modeled normalized-fe during
daytime for Pachira macrocarpa (Pm) and Messerschmidia argentea (Ma) for dif-
ferent soil water conditions and across a wide range of wind speeds. The solid line
represents 1:1 line. The coefficient of determination R2 � 0.85 (p   0.01). Note that
WW and WS respectively refer to well-watered and water-stressed condition. The
direction of increasing U is also indicated by the arrow suggesting Bfe{BU ¡ 0 for all
data set at low PPFD.

110



5.3.9 Study limitation

Given all the assumptions made to arrive at the model and the fe-trend comparison

between modeled and measured results, it is instructive to recapitulate the limitations

of the leaf-level gas exchange model and the wind tunnel experiments. Regarding

the model development, the premise is U ¡ 0 that guarantees a finite gb,i (i.e.,

gt,CO2 and gt,H2O). Without considering all the details of the biochemical signaling

that govern movement of guard cells and mechanical constraints on this movement,

the closure for gs,CO2 is based on an assumption that stomates operate optimally

to maximize carbon gain per unit water loss. This assumption, while generally

accepted and supported by a large corpus of data, need not hold when limitations

other than water availability exists. Also, the calculations for gb,i rely on empirical

formations and an effective leaf dimension (i.e., d) that needs further elaboration to

account for detailed aerodynamic modifications surrounding leaf bodies due to wind

contact angle, leaf orientation and micro-roughness of the leaf surface. The energy

balance assumes leaves have no thermal inertia and that surface temperature adjusts

instantly to changes in wind speed. For some species, this assumption appears to

be fair (Katul et al., 1998) though leaf thermal properties and leaf volume must be

factored in. Last, the calculations here ignore the mesophyll conductance that may

become limiting under increased soil moisture stress conditions.

Direct comparisons between modeled and measured fe in the wind tunnel was

not possible as well. The lack of measured physiological parameters and the absence

of total leaf area needed to convert sapflow velocity to transpiration rate for the

potted plants was the main cause for the absence of such one-to-one comparison.

Another major limitation of the wind tunnel experiment is the lack of high PPFD

conditions, especially at PPFD values where the fe-U reversed its monotonically

increasing trend. Notwithstanding all the aforementioned issues, the overall trends
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in actual fe with respect to U are reflected in measured steady-state Vs through the

normalization when all other conditions (i.e., PPFD, Al, As and soil water status)

are maintained nearly constant throughout each experiment.
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6

The role of plant water storage on water fluxes
within the coupled soil-plant system

6.1 Introduction

The ability of xylem tissues to store water is perceived to be part of an evolution-

ary process that supports physiological function for the whole-plant during severe

drought conditions (Tyree and Ewers, 1991; Cruiziat et al., 2002; McDowell et al.,

2008; Manzoni et al., 2014; Parolari et al., 2014; Sperry and Love, 2015). However,

the beneficial effects of plant water storage (PWS) on a wide range of soil-plant hy-

drodynamic processes has received far less attention. A defining feature of PWS is a

time lag between basal sap flux and crown transpiration (Phillips et al., 2004; Chuang

et al., 2006). In large tree species and during severe drought conditions, empirical

evidence suggests that a significant amount of whole-plant transpiration originates

from PWS (Waring and Running, 1978; Waring et al., 1979; Schulze et al., 1985;

Goldstein et al., 1998; Maherali and DeLucia, 2001; Phillips et al., 2003). In the

presence of PWS, whole-plant transpiration rate exceeds basal sap flux during early

morning hours signifying a discharge from PWS. During late afternoon and proceed-
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ing into the evening, the basal sap flux can exceed whole-plant transpiration rate

suggesting partial refilling of PWS and adjusting xylem pressure to less negative val-

ues. These adjustments in xylem pressure may be significant in repairing embolized

xylem vessels through bubble dissolution (Waring and Running, 1978; Tyree and

Sperry, 1989; Konrad and Roth-Nebelsick, 2003). Such modifications by PWS beg

the question as to how root water uptake (RWU) and hydraulic redistribution (HR)

in soils as well as leaf-level transpiration rates are impacted by the presence of PWS.

At sites where leaf-level gas exchange occurs, the presence of PWS may allow leaves

to maintain a water potential state beneficial to carbon uptake over a longer time

period (Goldstein et al., 1998; Stratton et al., 2000; Maherali and DeLucia, 2001).

However, a daytime dehydration of PWS may reduce (or even suppress altogether)

beneficial contributions arising from HR at night due to a competing sink that must

be recharged.

One recent review covering the magnitude of HR across a wide range of ecosys-

tems and environmental conditions (Neumann and Cardon, 2012) offers a tantalizing

clue that the magnitude of HR predicted by previous models that ignored PWS or

nocturnal transpiration (Fe,night) is consistently higher than those reported by em-

pirical studies. This over-prediction of HR occurs despite model differences in the

mechanics of incorporating HR (Siqueira et al., 2008) or in assumed root density

profile properties (Schymanski et al., 2008). It has been foreshadowed by Neumann

and Cardon (2012) that the exclusion of an above-ground competing sink strength

(due to finite PWS or Fe,night) in such models can be a plausible explanation for the

consistent overestimation.

The primary objective is to disentangle the effects of PWS and Fe,night on water

fluxes from the soil to the leaf from other hydraulic traits on diurnal to daily-time

scales. The approach to be followed when addressing the study objective is based

on a vertically resolving numerical model for both the soil and plant systems. This
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model combines soil-plant hydrodynamics with leaf-level physiological and soil-root

constraints. Thus, the leaf-level gas exchange can be impacted by soil water avail-

ability through the water potential gradient from the leaf to the soil, and vice versa.

The focus here is on forested ecosystems where PWS may be significant during an

extended dry-down period. The dry-down time scale is assumed to be sufficiently

long to allow PWS to experience multiple discharge-recharge phases under different

soil moisture states but sufficiently short so that hydraulic, eco-physiological, leaf

area, root distribution, and concomitant allometric properties do not vary appre-

ciably. The model results are then analyzed with particular attention to exogenous

environmental factors and endogenous plant attributes promoting the use of PWS

versus direct soil water. While a large number of hydrological and ecological studies

have already documented the benefits of HR on carbon-water relations (Domec et al.,

2010; Prieto et al., 2012), conditions where plant hydraulic capacitance or Fe,night

may compete with HR remain terra incognita. Hence, the overnight competition for

water between above-and below-ground reservoirs is discussed through model calcu-

lations under given conditions. The discussion of the model results finally focuses

on the responses of leaf-level gas exchange to progressive drought conditions in the

context of the functional role of PWS vis-à-vis HR.

6.2 Description

6.2.1 Modeling framework

There is a plethora of complications when modeling/measuring plant water relations

in forested ecosystems including inhomogeneity in leaf arrangements, the plant and

soil hydraulic properties, the rooting system, and the temporal variability in environ-

mental variables. Moreover, plant-plant interactions such as competition for light or

water and the dynamic nature of plant hydraulic and physiological properties over

long time scales (e.g., seasonal) necessitate an intermediate level of modeling ap-
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proaches (Bohrer et al., 2005). In this approach, the bulk water movement along

the primary pathways is modeled with much of the finer scale spatial processes (e.g.,

cavitation, contact between root and soil) being surrogated to non-linearities in hy-

draulic properties. Hence, within each of the soil-plant compartments, the goal is

to retain sufficient representation of key hydrodynamic and physiological processes

while allowing for integration to the plant level.

Starting with the above-ground plant compartment, a logical choice is to adopt a

’macroscopic’ (i.e., tissue level) approach in analogy to the soil system, where the bulk

effect of ’microscopic’ processes (i.e., cell or pore level) are embedded in the shape of

the vulnerability curve and PWS as they relate to xylem water potential. It is to be

noted that xylem conduits are more elongated and their diameters are less variable

when compared to soil pores. Despite this pore structure difference, the flow and

energy losses to friction can still be reasonably approximated by Darcy’s law. Hence,

a one-dimensional porous media model is employed to describe the transient water

flow from the stem base to the leaf parameterized with literature-reported hydraulic

attributes of plant tissues. The soil water supply to the plant is represented using

a conventional multi-layered scheme that employs Richard’s equation adjusted by

soil-root interactions reflecting root water influx or efflux (i.e., possible HR). These

inter-facial transfer processes depend on soil-to-root conductances along the flow

path and the lateral energy gradient between the soil and the root at a given depth.

The porous-media analogy to representing water flow through each compartment

(i.e., soil, plant and atmosphere) and connections between them (i.e., soil-root and

leaf-air interfaces) is capable of capturing the main features of macroscopic water

flow pertinent to PWS dynamics. The complex features of plant hydraulic architec-

ture are not explicitly resolved but the effects of tree size and vertically non-uniform

root distribution on plant water relations are captured. The leaf-level water balance

employed here provides a representation that accounts for the nonlinear relations
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between stomatal aperture and the time-history of leaf water potential. The lat-

ter is limited by soil water availability and the interplay between biological controls

through stomata and the aerodynamic modifications due to wind speed. This mod-

eling approach is illustrated in Figure 6.1.

Figure 6.1: Schematic of the modeling approach describing the water movement
through each compartment of the soil-plant-system with a summary of the porous
media flow equations used, the lower boundary conditions and the upper boundary
conditions represented by the leaf-gas exchange equations.

6.2.2 Plant conducting tissues

Water transport through tracheid aggregates or vessels inter-connected by end-wall

pits in the water conducting tissues can be treated as analogous to porous media flow
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(Edwards et al., 1986; Tyree, 1988; Früh and Kurth, 1999; Kumagai, 2001; Aumann

and Ford, 2002; Bohrer et al., 2005; Chuang et al., 2006; Hentschel et al., 2013;

Manzoni et al., 2013a,b, 2014). Thus, a mass conservation equation is combined

with Darcy’s law to describe the water movement at the tissue-scale and is given as

BVspzqθppz, tq
Bt � �BqpBz dz

qp � �AspzqKppθpqBψpBz

ψp � φp � ρgz

(6.1)

where Vspzq �
³z�∆z

z
Aspzqdz is the sapwood volume between height z and z � ∆z

(m) above the soil surface, θp is the plant (or xylem) water content on a sapwood

volume basis (kg m�3), and qppzq is the sap flow rate (kg s�1) driven by gradients

in total water potential, ψp (MPa). ρ is the water density (kg m�3), g is the grav-

itational acceleration (m s�2), Kp is the plant hydraulic specific conductivity (kg

m�1 s�1 MPa�1), and Aspzq is the sapwood area profile representing the effective

cross-sectional area of conducting tissues (m�2). ψp includes plant pressure potential

(i.e., xylem matric potential), φp, and the gravitational potential ρgz but ignores

the kinetic energy head and assumes negligible variations in osmotic potential for

long distance water flow in the xylem (Früh and Kurth, 1999). A cone-shaped tree

volume is adopted to represent the effective tree dimensions using only tree height

(H) and Aspzq that is linked to H by

Aspzq � As,base

�
1� 1

2

z

H


2

, (6.2)

where As,base (m�2) is the sapwood area at stem base.

In the plant vascular system, the percentage of Kp loss referenced to the maximum
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specific conductivity Kp,max (kg m�1 s�1 MPa�1) at saturation θp,sat (kg m�3) due

to a reduced φp (i.e., θp) is commonly described by the vulnerability curve:

Kppzq � Kp,max exp

�
�
��φppzq

c1


c2�
, (6.3)

where c1 and c2 are the empirical constants. The monotonic relation between θp and

φp is approximated by a plant retention curve and is given by (Chuang et al., 2006):

θppzq
θp,sat

�
�

φ0

φ0 � φppzq

p

, (6.4)

where p (dimensionless) and φ0 (MPa) are constants. This formulation ensures φp � 0

at saturation and represents the degree of relative change in θp with respect to φp

through p. The plant ’retention curve’ can be further used to infer the specific

hydraulic capacitance of a plant tissue Cp � Bθp{Bφp (kg m�3 MPa�1) by which the

whole-plant capacitance Cp,total �
³H
0
AsCpdz (kg MPa�1) can be defined to describe

the ability to store or extract water for a unit change in φp.

Unlike soils, there are a number of potential mechanisms responsible for changes in

PWS. These include elasticity, capillarity and cavitation release. They were proposed

by Zimmermann (1983) and experimentally shown by Tyree and Yang (1990) to be

presented in woody cells (i.e., xylem conduits). Unlike living cells, woody cells have

rigid walls with high elastic modulus so that the elastic storage in xylem conduits

due to alternating shrinkage and swelling may be minor (Brough et al., 1986). The

capillary storage, which occurs in cavitated conduits, can release water by bringing

the menisci (i.e., the air-water interface) towards the narrow ends of tracheids or

vessels when water potential decreases but store water in the opposite way. This

implies that cavitated conduits can still partially maintain a water continuum (Tyree

and Zimmermann, 2002). Since capillary storage can rapidly release or store water,

Brough et al. (1986) demonstrated that the diurnal pattern of the xylem water
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content can be attributed mainly to such capillarity mechanism. Under sufficiently

low water potential condition, the water release through cavitation events occurs

when the water-filled volume is replaced by air bubbles (Tyree and Sperry, 1989;

Tyree et al., 1994). Moreover, the delay in repair of cavitated conduits can induce

hysteresis in both vulnerability and plant retention curves (Sperry and Tyree, 1990;

Brodribb and Cochard, 2009), which is not considered here but can be accommodated

in the present framework.
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Figure 6.2: (a) Xylem vulnerability curve with indication of water potentials at
12% loss of Kp (P12) and at complete stomatal closure (Pc). (b) The λ values as a
function ψl using the relation proposed elsewhere (Manzoni et al., 2011). (c) The
two components (i.e., carbon gain and water loss in carbon unit) of the optimal ’net’
carbon gain (ha) as a function of λ. Inset: the ’net’ carbon gain (ha) as a function of
given gs,CO2 for λ � 15 µmol mol�1 and λc. Note that λc, ψl,c and Pc are determined
at the condition where optimal the ’net’ carbon gain is identical to zero (i.e., optimal
ha � 0).

The consideration of PWS adjusts spatiotemporal water states along the plant

vascular system that impacts stomatal behaviors. Stomatal closure occurs before the
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xylem water potential is substantially reduced and reaches a threshold that causes

’runaway cavitation’ (Bond and Kavanagh, 1999; Sparks and Black, 1999). When

this threshold is reached, the more dysfunctional cells due to cavitation lead to

more negative water potential and further cavitation events occur in an irreversible

manner. As shown in Figure 6.2a, the incipient runaway cavitation is commonly

defined at φp where 12 % of Kp loses occur (i.e., air-entry point; P12). The slope of

the vulnerability curve reaches maximum around this threshold (Domec and Gartner,

2001). However, the onset of water stress sensed by plants (i.e., stomatal closure) is

dictated by a critical xylem water potential (i.e., Pc) that may be larger than P12.

It is to be noted that Pc and the corresponding loss of Kp are not a priori specified

here (see Section 6.2.4).

6.2.3 Soil-root interaction

Water transport in unsaturated soils is described by one-dimensional Richards’ equa-

tion modified to include water uptake or release by the rooting system within each

soil layer. Hence, at each soil layer, an ’effective’ source or sink term Qr is added

(Volpe et al., 2013; Manoli et al., 2014; Bonetti et al., 2015) to yield :

Bθspzs, tq
Bt � �BqsBzs �Qrpzs, tq

qs � �KspθsqBψsBzs
ψs � φs � zs

(6.5)

where θs is the soil water content (m3 m�3) at depth zs (m) below the soil surface, qs is

the Darcian flux (m s�1) driven by the vertical gradient of total soil water potential ψs

(m), φs (m) is the soil matric potential, Ks is the soil hydraulic conductivity (m s�1),

and Qr is the water uptake (denoted with superscript ‘�’) or release (denoted with

superscript ‘�’) rate per unit soil volume (s�1) from absorbing roots. In Equation
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6.5, the Clapp and Hornberger formulations (Clapp and Hornberger, 1978) are used

to represent the soil water retention curve and soil hydraulic conductivity function,

and are given by:

φs � φs,sat

�
θs
θs,sat


�b
, (6.6)

Ks � Ks,max

�
θs
θs,sat


2b�3

, (6.7)

where θs,sat, φs,sat and Ks,max are the near saturated water content, air entry water

potential and saturated hydraulic conductivity, respectively, and b is an empirical

constant that varies with soil texture.

Contributions to soil water storage (i.e., Bθs{Bt) by the flux-gradient term are

often referred to as the Darcian redistribution (i.e., �Bqs{Bzs). The depletion or

replenishment rate of soil water storage through Qr is determined by the water

potential gradient across the root membrane and the average path length traveled

radially by water molecules from the soil to the soil-root interface in series and is

given as:

Qr � �k rpψsb � zsq � ψss aR

k � krks
kr � ks

(6.8)

where k is the total soil-to-root conductance (s�1), ψsb is the water potential at the

stem base (m), aR � 2πrB is the root surface density (m2 m�3), r is the effective

root radius (m), B is the root length density (m m�3), kr and ks � Ks{l are respec-

tively the root membrane permeability (s�1) and the conductance associated with

the radial flow within the soil to the nearest rootlet (s�1), and l � 0.53{?πB is the

length scale (m) characterizing the mean radial distance for the movement of water

molecules from the bulk soil to the root surface within the rhizosphere (Vogel et al.,
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2013). Formulated in this manner, the root water potential ψr (m) is hydrostatically

distributed (i.e., ψr � ψsb�zs) assuming that the water storage and energy losses are

negligible within transporting roots (Lafolie et al., 1991; Siqueira et al., 2008). When

compared to above-ground compartments, significantly larger hydraulic conductivity

(Kavanagh et al., 1999) but smaller water storage capacity (Waring et al., 1979) in

the rooting system suggests that this assumption many not be too restrictive for tree

species. Independent model runs also confirm the negligible effects of root water stor-

age and resistance on both above- and below-ground water dynamics so that they are

not considered hereafter. The coupling between the below- and above-ground plant

system is accomplished by imposing a continuous water potential from soil (ψs) to

stem base (ψsb) and its resulting ‘net’ root water uptake (RWUnet) supplied to the

stem base can be expressed by the water balance for the bulk rooting system:

qp,sb � RWUnet �
�³LR

0
pQ�

r �Q�
r qdzs

�
ρgAsoil (6.9)

where qp,sb is the sap flow rate (kg s�1) at the stem base, Asoil is the soil surface area

covering the roots (m2), and LR is the rooting depth (m).

During daytime, inevitable water loss from leaves creates a significant water po-

tential gradient from roots to leaves and induces water extraction throughout the

rooting system (i.e., Q�
r,day � 0 for all zs) if the upper layers of soil are not too dry

and do not serve as competing sinks. However, the root water uptake at night from

wet soil layers may be released back to dry soil layers or refills the xylem volume (or

PWS) where the xylem water has been depleted by previous daytime transpiration.

While the former mechanism is commonly coined as ‘hydraulic redistribution’ and

the amount of redistributed soil water through the rooting system can be quanti-

fied by
���³LR0

Q�
r dzs

���, the ‘nocturnal refilling’ to PWS is used to emphasize the later

mechanism.
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6.2.4 Leaf-level water balance

The water balance in the foliage described elsewhere (Kumagai, 2001) is modified to

include leaf-lamina resistance and used as the upper boundary condition for water

transport within the plant system. The leaf-level water balance can be given as:

Alp∆zlq
�
Cl
Bψl
Bt
�
� � rqp,top � Fes

qp,top � Al
pψp,top � ψlq

rl

Fe � Alfemv

(6.10)

where Al is the leaf area (m2), ∆zl is the effective leaf thickness (m), ψl is the leaf

water potential (MPa), Cl is the hydraulic capacitance of the leaf (kg m�3 MPa�1),

rl is the leaf-lamina resistance (kg�1 m2 s MPa) expressed on a leaf area basis, qp,top

is the sap flux (kg s�1) entering the leaf, Fe is the total crown transpiration flux (kg

s�1), ψp,top is the water potential at the distal conductive segment attached to the

leaf, and fe is the leaf-level transpiration rate (mol m�2 s�1) that can be converted to

mass-based units using the molecular weight of water mv � 1.8�10�2 (kg mol�1) and

up-scaled to Fe using leaf area Al. For simplicity, Cl is assumed to be independent

of ψl though this dependency can be readily incorporated if known.

The consideration of the resistance to water flow through the leaf lamina is neces-

sary because rl may significantly contribute to whole-plant resistance that determines

the leaf-level water status (i.e., ψl) (Cruiziat et al., 2002; Taneda and Tateno, 2011)

and in turn limits the response of the leaf-level gas exchange to drought stress. The

effects of boundary layer conductance on leaf-level gas exchange is also included here

(Huang et al., 2015b) so as to eliminate the use of vapor pressure deficit as surrogate

for actual evaporative demand (i.e., well-coupled leaf-to-atmosphere condition). It

is to be noted that the well-coupled condition, which is widely used to interpret re-
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sponses of stomata to their environment, may not be valid in natural settings (e.g.,

low wind speed or prevalence of broadleaf species). Since Fe,night typically accounts

for 10-30% of daily transpiration (Dawson et al., 2007; Caird et al., 2007; Novick

et al., 2009), this water leakage from both guard cells and cuticle is also accounted

for through a residual conductance (gres) when nighttime evaporative demand is fi-

nite. The leaf-gas exchange model utilizes a Fickian mass transfer formulation across

the laminar boundary layer attached to the leaf surface, which is then combined with

the biochemical demand for CO2 described by the Farquhar photosynthesis model

for C3 species (Farquhar et al., 1980). A leaf-level energy balance (Campbell and

Norman, 1998) model and an optimal water use strategy (i.e., maximizing the ’net’

carbon gain at a given fe) are used to determine variations in stomatal conductance

(gs,CO2) and leaf-level assimilation rate (fc) and fe. The model description can be

found elsewhere (Huang et al., 2015b) and is not repeated.

Adopting an optimality hypothesis in the leaf-gas exchange model is equivalent

to maximizing the objective function (or Hamiltonian)

ha pgs,CO2q � fc � λfe, (6.11)

where the species-specific cost of water parameter λ is known as the marginal water

use efficiency (WUE) and measures the cost of water loss in carbon units. Mathemat-

ically, λ is the Lagrange multiplier for the unconstrained optimization problem and is

approximately constant on time scales comparable to stomatal aperture fluctuations

(Cowan and Farquhar, 1977a). However, λ can gradually increase on a daily time

scale due to reduction in soil water availability during a dry-down (Manzoni et al.,

2013c) and ultimately results in complete stomatal closure. An empirical relation

derived from a meta-analysis of approximately 50 species that links λ to ψl (Manzoni

et al., 2011) is adopted for the description of the increasing λ as drought progresses
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and is given by:

λpψlq � λ�
ca
c�a

exp
��βψl� (6.12)

where λ� is the marginal WUE under well-watered soil conditions at a reference

atmospheric CO2 concentration c�a � 400 ppm, ψl is computed as an averaged ψl

over the previous 24 hours period and represents a hydraulic signal that constrains

the variation of stomatal aperture, and β is a species-specific sensitivity parameter.

Again, it should be emphasized that the hydraulic signal at the leaf-level, ψl is not

an instantaneous ψl because the unconstrained optimization problem requires λ to

vary on much longer time scales than fluctuations in stomatal aperture as earlier

noted. Because of this time integration of ψl, a dynamic PWS also impacts gs,CO2 ,

suggesting that a reduced soil water availability does not guarantee an immediate

drop in ψl. In lieu of Ball-Berry (Ball et al., 1987) or Leuning (Leuning, 1995) semi-

empirical models, the use of such optimality hypothesis to maximize ha reflects how

the regulation of water loss through stomatal guard cells respond to water status

at the leaf without invoking ad hoc correction functions (e.g., Tuzet et al. (2003))

to ’externally’ reduce maximum gs,CO2 or fe as deviations from well-watered soil

conditions during dry-down. It also allows a direct coupling between the carbon and

water economy of the leaf through ha that must be positive to ensure optimality. To

illustrate, the value of λ increases with decreasing ψl leading to a gradual stomatal

closure during a dry-down until a critical point (i.e., ψl,c) is reached as shown in

Figure 6.2b. Upon assuming that stomata per se operate only with a finite optimal

’net’ carbon gain (i.e., ha ¡ 0 when λ   λc), the critical point can now be defined

as λc where the carbon gain is completely canceled out by the water cost in carbon

units (Figure 6.2c). This assumption may be plausible and ensures no more water

loss (i.e., complete stomatal closure) when finite net carbon gain (i.e., ha ¡ 0) cannot

be attained by gs,CO2 (inset in Figure 6.2c). The duration before complete stomatal
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closure (Tc) is reached can then be tracked and total carbon uptake (Cuptake) while

maintaining finite assimilation is given as:

Cuptake �
» Tc

0

fcpgs,CO2ptqqdt. (6.13)

Thus, the species-specific λ-ψl relation is hereafter referred to as a ’leaf-level hy-

draulic signal curve’. Furthermore, the xylem water potential with respect to ψl,c

(i.e., Pc) is shown to be larger than P12 indicating that complete stomatal closure

actually occurs before runaway cavitation as discussed earlier (Figure 6.2a). Hence, a

coordination between stomatal closure and Pc arises naturally from the Hamiltonian

to be maximized, which is one of the main novelties linking leaf-to-xylem.

6.2.5 Model setup

Eight scenarios were tested to explore the effects of environmental factors and plant

traits on the use of PWS (Table 6.1). Since the physiological, hydraulic and allomet-

ric attributes for each compartment are rarely available from a single experiment,

a literature survey was conducted with a focus on coniferous species in general and

pine trees in specific to obtain consistent parameters (See Appendix E.1). For all

runs, the initial conditions are specified as near saturation in plant vascular system

and soil column across all layers. The whole system is then allowed to drain for 12

hours (i.e., one night duration) only by gravitational forces without activating leaf-

level gas exchange and Fe,night. With this initialization, the amount of water in the

system is approximately identical for all scenarios except for the cases of constant

groundwater level (i.e., S5). Subsequently, the model calculations repeat with pre-

scribed atmospheric variables on a 24-hour basis (see Appendix E.1) and that cause

leaf-level gas exchange to operate.
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Table 6.1: Eight scenarios (S1-S8) set up to explore the use of plant water storage
(PWS)

S1 S2 S3 S4 S5 S6 S7 S8
H (m) 20 20 20 20 20 20 20 10
Cp (kg m�3 MPa�1)a L S L L L L L L
LAI (m2 m�2) 6 6 6 6 6 6 4 6
gres (mol m�2 s�1) 0.04 0.04 0.02 0.04 0.04 0.04 0.04 0.04
Lower boundary conditionb FD FD FD FD WT FD FD FD
Root distributionc U U U U U PW U U
Soil typed S S S SCL S SCL S S
a Two plant hydraulic capacitance: larger (L) and smaller (S) Cp’s (see Ap-
pendix E.1).
b Two lower boundary conditions for the soil column: free drainage (FD) and
water table (WT) at 2 m depth.
c Two vertical root distributions: Uniform (U) and power law (PW) rooting
profiles (see Appendix E.1).
d Two soil types: Sand (S) and sandy clay loam (SCL).

6.3 Results

6.3.1 Modeled PWS usage

Using S1 as an example, Figure 6.3a shows the typical diurnal pattern of Fe and

qp,sb along with modeled time delay between their peaks due to PWS. The computed

time delay is approximately 1.5 hours and is well within the range of 0.1 to 2.5 hours

reported earlier (Goldstein et al., 1998; Phillips et al., 2003; Bohrer et al., 2005).

The daily PWS consumed can be computed by integrating the differences between

Fe and qp,sb when Fe ¡ qp,sb. As shown in Figure 6.3b, larger diurnal variation in θp

near the tree crown is predicted suggesting that the use of PWS can be primarily

attributed to water depletion from xylem tissues closer to the transpiring sites. In

situ experiments (Schulze et al., 1985; Loustau et al., 1996) on coniferous species

also reported a pattern consistent with the modeled results shown here. Since the

sap flow velocity within tree species is low (Granier, 1987; Dye et al., 1996; Zang
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Figure 6.3: (a) Modeled transpiration rate (Fe) and basal sap flux (qp,sb) on a per
unit ground area basis and (b) modeled profile of plant xylem water content (θp) for
S1 (see Table 6.1 for model setup). Note that saily PWS usage is determined by the
area within the solid and dashed blue lines)

et al., 1996), this finding may not be surprising especially when the water stored in

the upper part of the plant can be immediately accessible for crown transpiration.

The modeled daily PWS usage normalized by daily Fe and the modeled ’actual’

PWS usage without normalizing are presented in Figure 6.4a,b, respectively. When

soil water status cannot be recovered (i.e., continuing loss of soil water through

transpiration and drainage) during the dry-down, the increasing reliance on PWS

with respect to Fe is inevitable that appears consistent with sap flow measurements

reported elsewhere (Loustau et al., 1996; Phillips et al., 2003). When the soil water

availability is not limited due to the presence of a shallow groundwater table (i.e., S5),

the depleted water by Fe in the soil column and plant xylem tissues can be completely

recovered to the previous state within a single diurnal cycle. This explains why the

use of PWS as well as HR (shown later) for S5 remains constant during the dry-

down. The modeled average daily PWS usage across all scenarios ranges from 1.1

to 23.3 % when normalized by daily Fe and from 0.07 to 1.61 kg m�2 day�1 without

normalization.
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Figure 6.4: (a) Modeled daily use of plant water storage (PWS) normalized by
daily transpiration and (b) modeled daily use of PWS on a per unit ground area
basis for the eight scenarios (see Table 6.1 for the model setup).

6.3.2 Modeled HR

The modeled diurnal variations in θs and Qr profiles across LR are respectively shown

in Figure 6.5a,b for S6, the largest HR across all eight scenarios. Although the overall

θs decreases with progressively drying soil conditions, HR can partially refill θs in

the upper layers when a finite ψs gradient across LR is maintained and Fe recedes to

minimum at night. In the presence of PWS and Fe,night, daily HR can be computed

using the total Q�
r across each layer on a daily basis. For all runs, modeled daily

HR normalized by daily Fe and modeled daily HR without normalization are shown

in Figure 6.6a.b, respectively. With the exception of S5, a bell-shaped HR cycle

during the dry-down process emerges and reaches a maximum value when largest

ψs vertical gradient across LR occurs. In the early phases of the dry-down, θs and

ψs in the upper soil layers are reduced rapidly when compared to θs in the deeper

layers thereby generating a continuously increasing ψs gradient across LR resulting

in an increasing HR. After ψs gradient reaches a maximum across LR, the water

located within the upper soil layers become difficult to extract by roots and most of

the contribution from Q�
r to Fe is shifted to deeper soil layers. As a result, the ψs
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Figure 6.5: (a) Modeled profiles of soil water content (θs) and (b) root water
influx (Q�

r ) or efflux (Q�
r ) on a per unit ground area basis for S6 (see Table 6.1 for

model setup)

gradient is gradually ’evened out’ resulting in a decreasing trend in HR. This dynamic

drying process across the soil layers explains the bell-shaped HR cycle reported in the

literature (Meinzer et al., 2004; Warren et al., 2005; Scholz et al., 2008; Prieto et al.,

2010). The modeled average and maximum magnitudes of HR across all scenarios

are respectively in the range of 6.3 to 16.7 % and 0.63 to 22.9 % when normalized

by daily Fe, and in the range of 0.43 to 1.08 kg m�2 day�1 and 0.47 to 1.56 kg m�2

day�1 without normalization, a result comparable to previous empirical estimates of

HR summarized elsewhere (Neumann and Cardon, 2012). While previous modeling

studies tended to provide higher HR estimates (Neumann and Cardon, 2012), the

proposed approach here ameliorates such high modeled HR by accounting for the

possible use of PWS and Fe,night (i.e., gres) that increase residual water potential

gradient at night (∆ψp,night) (i.e., above-ground competing sinks) and reduce the

magnitude of HR.
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Figure 6.6: (a) Modeled daily hydraulic redistribution (HR) normalized by daily
transpiration and (b) modeled daily HR on a per unit ground area basis for the eight
scenarios (see Table 6.1 for model setup).

6.4 Discussion

6.4.1 Model analysis for PWS usage

To contrast the effects of plant attributes on the use of PWS, Cp, gres, LAI and tree

size are first reduced in the model calculations using scenarios S2, S3, S7 and S8,

respectively, and compared to S1 while all other model parameters and conditions are

maintained the same. The modeled results here indicate that the use of PWS tends

to diminish under two conditions: a smaller Cp,total by reducing Cp or tree size and a

smaller Fe due to a reduced gres or LAI. PWS usage is interpreted as the ensemble

effect of water flux gradient along the transpiration stream from stem base to leaf

lamina. Hence, reductions in Fe with a smaller gres or LAI (i.e., S3 and S7) promotes

a smaller water flux gradient that then suppresses the use of PWS. Both daytime Fe

and Fe,night are reduced by a smaller gres (higher resistance). It can be expected that

a smaller Cp or tree size (i.e., S2 and S8) provides less ’available’ stored water for

Fe given that Cp,total represents an effective measure of whole-plant water storage.

Since the contribution of PWS to Fe is reduced by a smaller Cp,total, the water flux

gradient is further reduced resulting in a smaller use of PWS for S2 and S8. The
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increasing trend in the use of PWS with increasing tree size appears consistent with

field experiments conducted for different tree sizes across different species or within

the same species (Goldstein et al., 1998; Phillips et al., 2003). Unlike these above-

ground plant attributes, the vertical heterogeneity in root distributions may exert

only minor impact on the use of PWS but potentially significant impact on RWUnet

and Fe. Using identical total root density and LR in the model calculations, the

comparison for different root distributions (i.e., S4 and S6) suggest that less PWS

is used for the case of a power-law root distribution (i.e., S6). Hence, RWUnet (i.e.,

qp,sb) is reduced if the majority of root density is concentrated within the upper dry

soil layers. Due to the reduction in RWUnet, daytime Fe appears to decrease as well.

As a result, the more rapid reduction in daytime Fe when compared to RWUnet can

be used to explain the smaller use in PWS in S6 when compare to S4. Taken together,

a larger use of PWS implies a more efficient RWUnet to mitigate against drought

conditions (i.e., maintain highest leaf photosynthesis at a given fe), especially when

roots are competing with drainage losses (shown later).

To explore how site factors impact the use of PWS, different soil types (i.e., S4)

and lower boundary condition (i.e., S5) are specified and compared again to S1. The

modeled results indicate that more PWS usage occurs in less sandy soils (i.e., S4)

or shallower groundwater level (i.e., S5). In contrast to the sandier soil type, higher

soil water availability conditions can be maintained in finer-textured soil (i.e., less

conductive) even though drainage is allowed. It is for this reason that the more rapid

increase in Fe than RWUnet generates a larger PWS usage for S4. When a shallow

groundwater table is imposed on the soil system, the diurnal recovery of soil water

status through HR or Darcian redistribution explains why the use of PWS for S5

can be maintained constant.
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6.4.2 Model analysis for HR
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Figure 6.7: The partitioning between nighttime hydraulic redistribution (HR)
and net root water uptake (RWUnet) normalized by total root water influx at night
over a single dry-down process.

In Figure 6.7, the partitioning between nighttime HR and RWUnet (i.e., nocturnal

refilling) normalized by total root water influx at night over the dry-down period

shows how increases in nocturnal refilling suppress HR across all scenarios. Unlike

the use of PWS, HR is impacted by Cp,total and Fe in opposite ways. The above-

ground sink strength can be reduced by a smaller Cp,total (i.e., S2 and S8) or Fe (i.e.,

S3 and S7) that potentially enhance HR differently as drought progresses. When

compared to S1, the ψs gradient driving HR for S2 and S8 is approximately the

same, given a similar daytime Fe for these three scenarios. However, the ψs gradient

for S1 is compensated for by a larger above-ground competing sink strength that

directly suppresses HR. It can be stated that the soil water drawn by the rooting

system at night in S1 contributes more to recharging θp depleted by previous daytime

Fe but not θs in the drier and shallower soil layers. When ∆ψp,night induced by Fe,night

is ruled out, a pattern similar to what has been reported elsewhere (Hultine et al.,
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2003) emerges. Although the above-ground competing sink strength for S3 and S7

is smaller than S1, their ψs gradients driving HR cannot rapidly develop due to a

reduced daytime Fe but can be retained with a longer duration when compare to S1.

It is for this reason that a wider but shallower bell-shaped HR cycle is formed for

cases S3 and S7, implying a larger amount of HR in total but smaller intensity HR

during the dry-down process. If nighttime evaporative demand (averaged overnight

vapor pressure deficit is 0.07 kPa; not gres) is set to zero to suppress only Fe,night, an

immediate increase in the intensity of HR is predicted (not shown here) consistent

with a number of experiments manipulating Fe,night (Hultine et al., 2003; Scholz

et al., 2008; Howard et al., 2009; Prieto et al., 2010). Over a dry-down, the increase

in modeled HR with zero Fe,night is approximately 10% across all scenarios. However,

the model calculations suggest that the reduction in HR due to the presence of

Fe,night may be less significant when compared to the increase in Cp,total (i.e., more

than 22% reduction in HR). Among the many plant attributes affecting HR, the

variation in root distribution can directly alter the pattern of ψs gradient along LR

even when the above-ground competing sink strength is maintained the same. If the

root density is concentrated in the upper soil layers as reflected by S6, significant

daytime depletion of soil water in the upper layers (Figure 6.5) produces a much

larger ψs gradient that increases the magnitude of HR. A larger HR corresponding

to a vertically asymmetric root distribution has been reported by other experiments

and model calculations (Hultine et al., 2003; Scholz et al., 2008; Siqueira et al., 2008;

Volpe et al., 2013) lending some support to the model results here.

Similar to discussions on PWS use, several points can be made on how soil texture

and groundwater level affect HR. Regarding soil texture, the comparison between

S1 and S4 suggests that sandy soils result in smaller intensity and duration (i.e.,

frequency) HR (Yoder and Nowak, 1999; Wang et al., 2009) when compared to their

clay counterpart. Rapid drainage in coarse-textured soils impedes the development

135



of ψs gradient required for the onset of HR (Burgess et al., 2000; Scholz et al., 2008).

Moreover, the loss of soil-root contact (i.e., a larger l is expected here) at low θs

can further diminish the ability to exude water by roots (i.e., Q�
r ) even when the ψs

gradient is well developed (Wang et al., 2009). Since l is held constant here with a

pre-specified B for any θs condition, this reduction in Q�
r is only possible through

reductions in Ks and k (see Equation 6.8). As discussed earlier, HR at night can be

maintained constant for the case of groundwater level adjacent to LR (i.e., S5) given

a constant ψs gradient generated by daytime Fe. It also implies that the magnitude

of HR with a shallow groundwater level mainly depends on the magnitude of the

previous daytime Fe when below-ground conditions (i.e., soil type, groundwater level

and root attributes) are not appreciably varying. However, the ψs gradient driving

HR in this case does not accumulate with progressively drying soil condition resulting

in a smaller HR magnitude.

Interestingly, when combining all the factors that potentially impact the magni-

tude of HR, plausible explanations can be given for two conflicting empirical studies

on HR with rooting system near or in contact with a groundwater table: sugar maple

(Acer saccharum) with significant HR (Dawson, 1993; Emerman and Dawson, 1996)

and three desert phreatophytic plants with insignificant HR (Hultine et al., 2003).

Although Fe,night for sugar maple is among the largest reported from a literature

survey (Dawson et al., 2007), the ψs gradient along LR is not reduced by ∆ψp,night

when deeper roots are in contact with groundwater. Thus, the significant ψs gra-

dient across LR, which was developed by a large daytime Fe (Dawson et al., 2007),

fine-textured soil type (i.e., silt loam) and asymmetric root distribution, can inten-

sify the magnitude of HR in this case. However, the ψs gradient for the three desert

phreatophytes may be lacking due to the combined effects of sandy soil (up to 84%

sand) and small daytime Fe thereby suppressing the occurrence of HR.
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6.4.3 Combined effects of PWS and HR on the plant drought resilience
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Figure 6.8: (a) Modeled total carbon uptake (Cuptake) on a per unit leaf area basis
in relation to the duration before complete stomatal closure (Tc) for each scenario.
(b) Modeled daily net root water uptake (RWUnet) on a per unit ground area basis
for the eight scenarios (see Table 6.1 for model setup). Note that Tc for S5 is indefinite
and is terminated at 40 days for reference.

It can be conjectured that a larger Tc improves the capabilities of a plant to resist

drought stress and enhance Cuptake over a longer period. Tc varies with different sce-

narios because the temporal variation in ψl dictating Tc is impacted by the combined

effects of Fe and RWUnet as well as PWS and HR. Thus, how RWUnet is impacted

for different scenarios can be used to explore variations in Tc and Cuptake in relation

to PWS and HR. The modeled Cuptake shown in Figure 6.8a features an increasing

trend with respect to Tc when leaf-level physiological parameters remain the same

across the eight scenarios. It is suggested that Tc during a dry-down period can be

used as a direct indicator to examine the extended use of soil water to sustain Cuptake

for each of the eight scenarios. The coordinated relation between stomatal behav-

ior and plant hydraulics in response to soil-drying is also illustrated in Figure 6.9 -

showing the modeled time-course of gs,CO2 and water potential in each compartment

as well as the corresponding ψl. The gs,CO2 decreases with decreasing ψl (not bulk
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ψs) because the cost of water in carbon units (i.e., λ) increases as specified by the

hydraulic signal curve. Moreover, the more rapid reduction in ψs when compared

to the smoothly varying ψl indicates how PWS impacts this hydraulic signal and

subsequent response of leaf-level gas exchange to drought condition.
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Figure 6.9: (a) Modeled stomatal conductance (gs,CO2) and (b) modeled water
potential in each compartment for S1. (c) Modeled gs,CO2 and (b) modeled water
potential in each compartment for S8. Note that black solid, black dashed, red solid
and blue solid lines are used to represent leaf water potential (ψl), 24 hours averaged
leaf water potential (ψl),distal xylem water potential (ψp,top) and bulk soil water
potential (ψs) across LR, respectively. The bulk ψs for S1 (blue dashed line) is also
included in Fig. 6.9d for reference.

Figure 6.8b shows that the daily RWUnet decreases with decreasing bulk θs except

for S5. For S5, a shallow groundwater level can support a constant daily RWUnet

and Fe preventing ψl from being reduced to ψl,c. This explains why Tc is indefinite

unless this ideal balance between demand and supply is discontinued. To contrast

the effects of atmospheric demand (i.e., Fe) on Tc when Cp,total remains the same, a

larger Tc is predicted by the reduction in Fe with a reduced gres (i.e., S3) or LAI (i.e.,

S7) in comparison to S1. Apparently, RWUnet needed for Fe in such cases is reduced,

suggesting that a wetter soil condition and a larger ψl can be maintained for a longer

period to support leaf-level gas exchange. When Cp,total is reduced by using a smaller

Cp (i.e., S2) or tree size (i.e., S8) compared to S1, a rapid reduction in ψl was found
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to diminish Tc for both cases. Although the total HR and RWUnet in these two cases

are larger than S1, ψs still cannot be maintained in a wetter condition when a larger

amount of RWUnet is required due to a lack of available PWS. Adopting the two-end

member for total capacitance (i.e., S1 and S8) as examples (Figure 6.9), larger PWS

to compensate for the decline in bulk θs and ψl enhances Tc (and Cuptake) as drought

progresses thereby delaying the incipient reduction in ψl.

Examining the model results for S4 and S6, it is evident that the magnitude of

RWUnet is suppressed by the case of root density concentrated in the upper soil lay-

ers (i.e., S6). Unlike previous Cp,total comparisons, ψl can be less negative (i.e., larger

Tc) due to a larger RWUnet provided Cp,total for the two cases differing in root distri-

butions is the same. Again, a larger HR promoted by asymmetric root distribution

overnight cannot directly contribute to RWUnet mainly occurring during daytime.

The effects of different soil textures on Tc are discussed using the comparison between

S1 and S4. More RWUnet can be supported by less sandier soil (i.e., S4). Similar

to the comparison for the two-end members of root distribution, Tc is increased by

a larger RWUnet if Cp,total is held constant. Hence, the finer-textured soil type can

prevent a rapid decline in ψl and yield larger Tc.

To sum up, routing available soil water into PWS instead of HR can be more

advantageous as a strategy when drought progresses and soil water availability is the

main limiting factor (even in the absence of competing species). However, the signif-

icance of HR associated with enhancement of nutrient uptake through maintaining

soil-root contact, rendering water to neighboring species and maintaining microbial

activities cannot be overlooked (Prieto et al., 2012). Other environmental factors and

plant traits can also exert positive or negative effects on Tc depending on the duration

that can sustain higher ψl as drought progresses. Figure 6.10 summarizes the condi-

tions promoting enhancement or suppression of modeled Tc as well as HR. Despite all

the simplification made in the proposed modeling approach, the framework here can
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Figure 6.10: A summary of how exogenous and endogenous factors (i.e., the eight
scenarios) impact modeled hydraulic redistribution (HR), duration before complete
stomatal closure (Tc) and total carbon uptake (Cuptake) during a dry-down period.

serve as a ’hypothesis generator’ to assess how exogenous environmental conditions

and endogenous soil-root-stem-leaf hydraulic and eco-physiological properties shape

plant responses to droughts. Testing such hypothesis requires coordinated field and

laboratory experiments that measure water movement in all compartments of the

soil-plant system.
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7

Conclusion and future works

The salient features of the experimental results and model analysis in each chapter

are briefly summarized here. Future studies are also highlighted.

7.1 Summary of results

The specific conclusions from each chapter are as follows:

Chapter 2. The effects of leaf area density variation on the particle collection effi-

ciency in the size range of ultrafine particles (UFP)

The goal here was to explore how variation in leaf area density impacts the particle

collection efficiency in the UFP size range. The results show that:

(1) The UFP collection efficiency is dependent on the integrated leaf area density

once differences in the drag coefficients (and hence u�) are accounted for. The total

particle collection efficiency within the vegetated section is comparable for all three

scenarios (constant, increasing and decreasing LAD) because of the similarity in

total leaf area index.

(2) The parameter θ in the Brownian diffusion collection term appears to be
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related to the roughness of the vegetated surface. Furthermore, the parameter γ,

previously assumed to vary with surface roughness, may be dependent on the range

of particle size group. However, a broader range of vegetation type is needed before

any generalizations can be made.

A practical outcome of this work pertains to the minimum level of details about

foliage distribution that is needed in multilayer models of UFP onto real canopies.

The robustness of the removal mechanism to variations in branch-scale LAD suggests

that accounting for the vertical structure of LAD in real canopies may be more

important than resolving the precise foliage distribution within a given canopy layer.

The precise spatial arrangement of foliage contributing to LAD within a given layer

is not as crucial as the vertical variations in LAD within the canopy volume assuming

an appropriate layer-wise drag coefficient is selected.

Chapter 3. The effects of leaf size and micro-roughness on the branch-scale collection

efficiency of ultrafine particles

The UFP collection efficiency of four different broadleaf species under different

wind speed conditions was characterized through wind-tunnel measurements and in-

terpreted through a porous media model. Despite the simplified representation of

the turbulent transport process within the porous system, the model results and

experiments deviate from each other by no more than 20% commensurate with mea-

surement uncertainties. The modeled UFP collection term in the porous media

approach was parameterized by two empirical parameters (γ and θ) as common to

many UFP deposition approaches in virtually all operational models including big

leaf schemes, climate models and air quality models. The analysis here determined

the optimum γ and θ for each species so as to match the measured penetration. The

linkages between the optimum γ and θ and leaf attributes were explored using a

standard three sub-layer deposition model for hydraulically smooth flat plates. The
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goal of this analysis was to generate expectations on how leaf dimension and micro-

roughness impact γ and θ and subsequently UFP collection efficiency if analogies

to hydraulically smooth flat plates are made. These expectations are then used to

interpret patterns of optimum γ and θ inferred from the wind tunnel studies here

across multiple species. Based on this analysis, the following can be concluded about

the effects of micro-roughness and leaf dimension on γ and θ:

(1) γ generally increases with increasing k. However, γ can be treated as a

constant (� 2{3) in the size range from 10 to 100 nm (i.e., UFP) when the leaf

micro-roughness is dp   k ! δ. For very small dp (i.e., nucleation mode), particles

tend to behave as gases with much larger γ values.

(2) θ increases with increasing k and increasing dp suggesting that UFP collection

efficiency can be enhanced by rougher surfaces even when k is in the hydraulically

smooth regime (i.e., k remains immersed within the viscous sublayer). When the leaf

dimension is reduced, resulting in a relatively smaller effective length scale for the

quasi-laminar boundary layer to grow, θ increases. This θ increase with reduced leaf

size leads to enhancements in the UFP collection efficiency for a given LAI. This

finding is supported by the comparison of the optimized θ values from particle con-

centration measurements between four broadleaf species and one coniferous species

in similar wind-tunnel experiments at similar LAI. The UFP collection efficiency

of Needleholly appears to be more efficient (i.e., larger θ) than the remaining three

broadleaf species. Needleholly has less flexible texture and a geometric shape that

shares some resemblance to conifers (especially at the leaf edge). That is, θ is sensi-

tive to leaf geometry with higher values for cylindrically-shaped foliage, lower values

for flat-plate like foliage, and intermediate values for foliage shapes that are partially

flat-plate but with edges that include cylindrical-like protrusions.

Current uncertainties in modeling the Brownian diffusion collection term can be

reduced by future studies through experiments and theoretical model improvements,
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especially when leaf micro-roughness and along-wind effective leaf length scale are

available. Furthermore, the findings here are only valid for a conceptual quasi-

laminar boundary layer not protruded by micro-roughness elements. A survey of the

literature suggests that k   1 mm for numerous species as reported elsewhere (Boize

et al., 1976; Burton and Bhushan, 2006; Hussein et al., 2013; Kearns and Bärlocher,

2008). Given that δ � 1.2 mm was also computed for typical field conditions hints

that the latter assumption may not be too restrictive across many ecosystem types.

Chapter 4. Particle deposition to forests: An alternative to K-theory

The goal here was to contrast the use of a particle flux budget and K-theory, which

links particle turbulent fluxes to mean concentration gradients, in modeling particle

dry-deposition in vegetation canopies. To address this goal, a second-order MLM

for particle transport within the CSL was coupled with a second-order closure model

(WS77) for the flow field. The conservation equation for particle concentration was

assumed to be stationary and ignored nucleation, particle formation, condensation

and coagulation relative to the particle collection and turbulent flux gradient terms

(at least on the short time scales associated with turbulent transport). Also, all other

phoretic effects were neglected relative to the turbo-phoretic effect (and this may not

be correct for strongly unstable or strongly stable atmospheric stability regimes), and

all biochemical and charge effects in the particle-foliage system were ignored. Not

withstanding all these simplifications, a number of broad findings can still be made:

(1) When Dp is estimated from τ and σw, Vd can be reasonably predicted using

first-order closure schemes, especially for dp 1 µm. This finding was supported

by experiments from the SMEAR-II site. However, the existence of the particle

flux transport term inside the canopy leads to anomalous results that cannot be

explained by the first-order closure schemes. In particular, the effects of the particle

flux transport linked to the presence of foliage collection can propagate to an above-
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canopy region and a slightly reversed mean concentration-gradient was predicted

(though not upward particle fluxes) for particles in the coarse-mode.

(2) The deposition velocity Vd increases at both above and within the canopy

with increasing u� for all particle size ranges, though the mechanisms leading to this

increasing trend are different for the different particle sizes.

(3) The partitioning of particle deposition between understory and canopy de-

creases with increasing u� for particles larger than 100 nm. However, this partitioning

becomes independent of u� for particles smaller than 100 nm. The model finding

suggests that ground deposition for particles larger than 1 µm is not appreciably

impacted by u� within dense canopies and gravitational settling appears more sig-

nificant than turbulent transport processes near the forest floor.

Lastly, this work highlighted the importance of the flux-transport term when

replacing K-theory with second-order closure schemes. Current uncertainties in clo-

sure constants pertinent to the flux-transport terms (i.e., C2) can be reduced by

future laboratory and field studies reporting triple-moments and the key terms in

the flux-budget equations.

Chapter 5. Wind-induced leaf transpiration

The primary goal here was to explain the apparent anomalous conditions leading

to Bfe{BU ¡ 0 or   0 with increasing U . To address this goal, the sign of Bfe{BU
was mainly discussed with the aid of a gas transfer model that explicitly accounts for

boundary layer conductance, evaporative cooling, and soil moisture stress across a

wide range of wind speed conditions. The model combines the Farquhar photosynthe-

sis model for atmospheric CO2 demand with stomatal optimization theories to infer

fe. Consistent with model prediction, a positive sign of Bfe{BU at low PPFD regime

was shown by published and newly reported sap flow measurements conducted in a

wind tunnel for two species (i.e., Pachira macrocarpa and Messerschmidia argentea)
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across a wide range of wind speed and two different soil water availability. Based on

model results for a broad range of environmental conditions and wind tunnel mea-

surements for a restricted range of environmental conditions, a number of conclusions

can be drawn:

(1) Leaf-level transpiration monotonically increases with increasing mean wind

speed when PPFD is low. This finding is supported by both sap flow measurements

in the wind-tunnel and model calculations. However, the model calculations also

suggest a possible Bfe{BU   0 at high PPDF levels. This transition from Bfe{BU ¡ 0

to Bfe{BU   0 occurs when the Bowen ratio is ¥ 0.75. To be specific, surface cooling

(i.e., H   0) at low light regime guarantees a Bfe{BU ¡ 0 for all U . At high light

levels, Bfe{BU   0 can occur due to surface heating (i.e., H ¡ 0) that suppresses fe

because of rapid increases in H with increasing U if net radiation at the leaf surface

remains roughly the same.

(2) When soil water availability is limited, the transition PPFD value reflecting

the reversed sign of Bfe{BU tends to be lower. This can be explained by reduction in

fe (i.e., evaporative cooling) that enhances H (i.e., surface heating) and Bowen ratio

leading to a transition at a lower light regime. On the other hand, Bfe{BU   0 may

not be realized for common environmental conditions when atmospheric evaporative

demand is large under well-watered soil condition. Given this specific condition,

evaporative cooling dominates and Bfe{BU ¡ 0 prevails for all PPFD.

(3) Modeled stomatal conductance to CO2 (i.e., gs,CO2) can be impacted posi-

tively or negatively by aerodynamic modifications based on U , especially when the

leaf is ’decoupled’ from the atmosphere. The assimilation and transpiration rates as

well as the ratio of the inter-cellular to ambient atmospheric CO2 concentration and

WUE are also altered by wind speed conditions. The degree of alteration depends

on environmental factors (e.g., light availability, water availability in the soil and

evaporative demand) imposed upon the plant system. Unlike models that assume
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well-coupled conditions, the proposed modeling approach is capable of capturing the-

ses non-monotonic behaviors with respect to U . Thus, it may be used to improve the

predictability of canopy-level CO2 and H2O fluxes reflecting whole-plant responses to

the environment. As U and PPFD can be highly variable within vegetated canopies,

the model up-scaling process from leaf to canopy level requires appropriate coupling

to the light attenuation and flow field (e.g., Launiainen et al. (2011)) given informa-

tion on leaf area density and leaf nitrogen content distributions.

Current uncertainties in modeling leaf-level gas exchange for CO2 and water vapor

can be reduced when the interplay between the micro-environment (i.e., flow and

temperature fields) and leaf attributes (e.g., d) are appropriately described without

implementing empirical formulations to determine the boundary layer conductances.

Moreover, the model calculations are only valid for finite U . Given that finite U

throughout vegetated medium is not uncommon in many ecosystems (Katul et al.,

2004) suggests that this limitation may not be too restrictive for natural settings.

Future studies on the measurements of gs,CO2 , fe and fc within the laminar boundary

layer when leaves experience natural U are needed to evaluate the proposed model

predictive ability. Also, additional laboratory and field experiments for different

species are required to differentiate wind effects on transpiration rate at the leaf

scale from canopy scales, especially when the vertical distributions of leaf orientation,

radiative forcing and wind speed within tall canopies are statistically non-uniform.

Chapter 6. The role of plant water storage on water fluxes within the coupled soil-

plant system

The main goal here was to explore conditions promoting or suppressing the use of

plant water storage or PWS and how these conditions impact hydraulic redistribution

or HR and plant water stress using model calculations. Based on the model results

with the aid of previous empirical studies for a broad range of plant attributes and
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environmental conditions, the following can be concluded regarding the effects of

PWS on the water dynamics in the coupled soil-plant system and the plant drought

resilience:

(1) The use of PWS can be mainly attributed to the distal part of water con-

ducting tissues (i.e., xylem tissues) and more contribution of PWS to Fe is promoted

by larger trees and severe drought conditions. These model findings are supported

by previous field experiments using sap flow measurements. Moreover, soil type and

root distribution can only exert minor impact on the magnitude of PWS as depleted

by Fe but significant impact on RWUnet.

(2) HR can be diminished by the residual water potential gradient from roots to

leaves at night due to above-ground capacitance, tree height, nocturnal transpiration

or the combination of the three if water loss through free drainage at the bottom of

soil domain is allowed. The degree of reduction depends on the magnitude of residual

water potential gradient. However, this above-ground competing sink strength does

not impact HR when the rooting system is sufficiently close to the water table. In

this case, the magnitude of HR increases with increasing daytime Fe that determines

the ψs gradient across LR required to drive HR.

(3) PWS can effectively elevate ψl through water recharge to xylem tissues that

subsequently delays the onset of drought stress at the leaf (i.e., larger Tc and Cuptake).

When Cp,total is reduced, resulting in a relatively small contribution of PWS to Fe, a

larger RWUnet or HR does not guarantee a preferable water status for the leaf (i.e.,

ψl). Moreover, the magnitude of HR is only significant at medium soil wetness level

whereas the contribution of PWS to Fe persists throughout the dry-down. These

all imply that routing available soil water into PWS instead of HR can be an ad-

vantageous strategy when drought progresses and soil water availability is the main

limiting factor (even in the absence of competing species or drainage losses). How-

ever, the significance of HR associated with enhancement of nutrient uptake through
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maintaining soil-root contact, rendering water to neighboring species and maintain-

ing microbial activities cannot be overlooked (Prieto et al., 2012). It should be also

noted that the analysis related to stomatal behavior is linked to ψl and is based

on the optimality hypothesis in which stomates are assumed to operate optimally

to maximize carbon gain per unit water loss. This assumption may not be realized

if limitations other than water availability are further imposed on the regulation of

stomatal guard cell.

Lastly, coordinated field and laboratory experiments that measure water move-

ment in all compartments of the soil-plant system are needed to delineate the connec-

tion between the leaf and plant hydraulic systems for different species and climatic

conditions. Despite all the simplification made in the proposed modeling approach,

the modeling framework here can server as a beforehand ’hypothesis generator’ to test

plant carbon-water relations prior to commencing laborious measurements. More-

over, the proposed modeling approach is flexible to incorporate other complex fea-

tures common to forested ecosystems when further elaboration according to the site

characteristics and study objectives is required. For example, the plant hydraulic

architecture for both above- and below- ground compartments can be included if

known. Given information on the vertical distribution of leaf area density and leaf

nitrogen content, appropriate coupling to the light attenuation and flow field is neces-

sary if the focus is on the plant-plant competition for light. Furthermore, the carbon

budget and nutrient transport as well as the non-static features of the plant traits

due to growth, acclimation and carbon allocation can be also considered, especially

on time scales much longer than a single dry-down process.

7.2 Future work

A panorama of future work is now sketched:
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The effects of particles on plant productivity

As a major sink for aerosol particles, it is not surprising that the expansive vegetation

cover in the terrestrial ecosystem can collect a large amount of hygroscopic parti-

cles. Such particles are often in the particle size range smaller 2.5 µm and are not

uncommon in the atmosphere. Under certain micro-environment conditions (e.g.,

relative humidity and temperature) around the leaf surface, hygroscopic particles

can become deliquescent and subsequently penetrate stomatal aperture (Burkhardt,

2010; Burkhardt et al., 2012). The penetration of such solutes (i.e., hygroscopic

particles) can reduce plant productivity by the blockage of carbon transport and en-

hancement of transpiration through the stomatal pathway as well as possible damage

to mesophyll cells (i.e., if they are toxic). Thus, the leaf-level gas exchange model

that predicts the necessary conditions for particle phase transformation along with

the particle deposition model as proposed in this dissertation can be used to further

assess the plant risk susceptible to particles.

Exploring the effects of complex topography on biosphere-atmosphere gas and particle

exchanges

Similar to much of the modeling and empirical studies on surface-atmosphere gas

and particle exchange, thus far, this dissertation focused on stationary and planar

homogeneous flow in ecosystems situated on flat-terrain. However, forested ecosys-

tems with complex topography are not uncommon thereby adding another level of

complexity when up-scaling the leaf-level processes (i.e., biotic and abiotic) discussed

in this dissertation to the landscape level. As the dominant abiotic transport agent,

the flow field within and above canopies can be substantially modified by complex

boundary conditions (e.g., topography). The topographic alteration combined with

the heterogeneity in canopy structure can also impact the spatiotemporal distribu-

tions of photosynthetically active radiation in each canopy layer and available soil
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water within rooting zone and subsequently the biotic regulations on gas exchange.

Given the simplicity required in large scale climate and air quality models, the time

is ripe to develop an effective modeling framework accounting for such topographic

effects.

Implications from the effects of plant-hydraulics on convective rainfall

How the initiation of convective rainfall is impacted by the complex near-surface

processes continues to draw significant research attention in climate, ecological, eco-

hydrological, and the atmospheric sciences communities. The complication arises

from a large number of interactions between biotic and abiotic processes within the

soil-plant-atmosphere system that determines the time evolution of the convective

atmospheric boundary layer (ABL) height and the lifting condensation level (LCL)

as well as their crossing. The LCL-ABL depth crossing sets the prerequisite to

determine the probability of rainfall predisposition since this crossing represents a

necessary (but not sufficient) condition responsible for the occurrence of convective

rainfall. What is often missing in delineating such dynamic processes is that above-

ground plant water storage (PWS) and loss of xylem hydraulic conductivity with

decreasing xylem pressure are neglected though accumulating empirical evidence

has shown that PWS plays a significant role in buffering plants from water stress

during severe droughts. Thus, the framework accounting for a coordinated relation

between the biotic controls through stomata and the soil-plant hydraulics provided

in Chapter 5 and 6 can be coupled with the ABL and LCL dynamic models to

ameliorate previous modeling approaches attempting to diagnose how land-surface

fluxes control rainfall predisposition.

The hydrodynamics in vascular plants: Xylem and phloem transport

To forecast the carbon pools in terrestrial ecosystems, it is becoming necessary to

understand how the carbon trajectory within plant system is impacted by given envi-
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ronmental conditions prompting interest in the precise description of sugar transport

in the phloem. The task responsible for the transport of photoassimilates (mainly su-

crose) from sites of photosynthesis and storage (i.e., sink/loading) to tissues involving

growth, maintenance and metabolism (i.e., sink/unloading) is taken by the phloem

vascular system. This dynamic translocation process is driven by the so-called ‘os-

motically generated pressure-flow’ in phloem but can be also impacted by the water

status in xylem, and vice versa, given that evidence showing a tight hydraulic con-

nection between phloem and xylem is increasing. Thus, the modeling framework of

soil-plant water dynamics proposed in this dissertation can be combined with phloem

hydraulic system to improve the predictability of Dynamic Global Vegetation Models

(DGVMs) in carbon and water cycles as a response to shifts in future climate.
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Appendix A

Supporting information for chapter 2

A.1 Comparison between model results and wind-tunnel experiments

Using the parameters θ � 3 and γ � 0.83 for prb, the model calculations and the wind

tunnel measurements are compared in Figure A.1.1 for all three leaf area density con-

figurations and across the range of wind speeds and particle sizes. Good agreement

was found between modeled and measured particle concentration at all positions (rel-

ative error within 20%). Furthermore, statistics associated with the errors between

modeled and measured results are provided here: 1) cumulative distribution of all

data points (the same as all the data points in Figure A.1.1) versus the relative error

is shown in Figure A.1.2, where the ‘relative error’ between modeled and measured

points is defined as

����modeled�measured

measured

���� � 100p%q. Approximately 83.15% of all

data points (i.e. 1766 points out of all 2124 points) can be found to be within 20%

relative error; 2) residual distribution over the measured penetration is shown in

Figure A.1.3; 3) RMSPEs between the three scenarios and the three wind speeds

are listed in Table A.1.1.
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Figure A.1.1: The comparison between measured (open circles) and modeled
(solid lines) penetration at different downwind distance (x � 0.21m, 0.42m, 0.63m
and 0.84m) for all size range of UFP. The error bars for the measurement represent
one standard deviation.
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Figure A.1.2: Cumulative distribution of all data points versus the relative error.
Note that approximately 83.15% of all data points are within 20% relative error.

Figure A.1.3: Residual distribution over the measured penetration. Note that
absolute value of the residual between measured and modeled penetration is provided.

Table A.1.1: RMSPE for three scenarios and three wind speed.

LAD distribution Uniform case Increasing case Decreasing case
RMSPE (%) 8.69 8.42 9.64
Wind speed (m s�1) 0.3 0.6 0.9
RMSPE (%) 7.91 9.40 9.40
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A.2 Vegetation attributes

Table A.2.1: Summary of the vegetation attributes across the three LAD
scenarios.

Uniform Increasing Decreasing
LAD LAD LAD

Weight of branches (g) 258 310 393
Weight of leaves (g) 1830 1769 1580
Volume of branches (ml) 248 330 375
Volume of leaves (ml) 2580 2390 1782
Percentage volume of branches (%) 8.77 12.13 17.39
LAI*(m2 m�2) 221.5 229.2 251.2
Packing density (m3 m�3) 0.117 0.112 0.089
* LAI is single-sided here.

A.3 Analytical solution

Combining Equations 2.9, 2.10 and 2.17, the budget equation describing the particle

concentration in the wind tunnel experiment is given by

� pDm � pDt

	 B2pcpxq
Bx2

�
� B
Bx
� pDm � pDt

	
� pu
 Bpcpxq

Bx � LADpxq
πprb pcpxq � 0, (A.3.1)

For a specific particle diameter and temperature, the molecular diffusivity pDm is

constant. The boundary layer resistance prb is also a constant in space based on

the constant Cd (i.e., �u1w11{2) described in section 2.3.1. However, the particle

turbulent diffusivity pDt is modified due to the spatial non-uniformity in leaf area

density (LAD) in the wind tunnel experiments here. Based on K-theory, the mixing

length hypothesis and Equation 2.16, pDt can be formulated as:

pDt � 2βu�
Cd

1

LADpxq , (A.3.2)
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Thus, Equation A.3.1 can be represented as:

� pDm � 2βu�
Cd

1

LADpxq

 B2pcpxq

Bx2
�
�

2βu�
Cd

B
Bx
�

1

LADpxq


� pu
 Bpcpxq

Bx �LADpxq
πprb pcpxq � 0,

(A.3.3)

Due to the spatially variable coefficients in this 2nd order ordinary differential Equa-

tion A.3.3, no analytical solution can be found. However, Equation A.3.3 can be

solved numerically to explore the effect of any spatial distribution LADpxq on the

deposition of UFP.

There are situations where an analytical solution is possible. When the magnitude

of pDm is much smaller than pDt , pDm can be neglected. Upon further assuming a

linear distribution of LADpxq � mx � b, roughly approximating the experiments

here, a general analytical solution for pcpxq can be found and is given as:

pcpxq � exp

�
i
?
Cdpmx� bq2p�iA1� A2q

A3

�
B1�exp

�
i
?
Cdpmx� bq2p�iA1� A2q

A3

�
B2,

(A.3.4)

where i2 � �1, A1 � ?
2πCdprbpu, A2 �

a
�2πCdprbpu2 � 16u�β andA3 � ?

128πprbmu�β;

m and b are constants describing the LAD spatial variation; and B1 and B2 are

integration constants, which can be determined by imposing boundary conditions

at the beginning and end of the vegetation section. When LAD is a constant

(i.e., m � 0) and the two boundary conditions imposed are pc0px0q|x0�0 � 1 and

pB2pc0px0qq { pBx2
0q|x0�1 � 0, the analytical solution for uniform LAD proposed in Lin

et al. (2012) is recovered here for pDm ! pDt, where pc0px0q � pcpxq{pcp0q and x0 � x{Lx.
The pB2pc0px0qq { pBx2

0q|x0�1 � 0 boundary condition is a constant concentration for

x0 ¥ 1. It should be noted that a constant flux not a constant concentration was

used in the calculations here for x0 ¥ 1.
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A.4 Uncertainties associated with measurements and model parame-
ters

A sensitivity index I can be defined as:

I �
gffe 1

N

Ņ

i�1

pO �O0q2i � 100, (A.4.1)

where O0 is the model output calculated from a pre-specified input variables (i.e.,

measurements) as reported in this study, O is the model output calculated from

changing input variables according to measurement uncertainties (i.e., measurement

accuracy) and N is the number of the data. The index I is selected here to assess

the sensitivity of the model due to measurement uncertainties and model parameter

uncertainties. The uncertainties of the input variables (i.e., measurements) for the

proposed model are listed in Table A.4.1. These model inputs are also propagated

through the pressure drop, velocity, and LAD to intermediate variables such as the

drag coefficient, shear stress, and mixing length uncertainties. Table A.4.1 shows

that the measurement uncertainties have minor impact on the model results (i.e.,

maximum I is small).

Table A.4.1: Uncertainties associated with measurements and model pa-
rameters.

LAI Wind speed Pressure drop Temperature

Accuracy   �10%* �5% �0.2% � 1�C
Maximun I (%) 1.013 1.005 0.019 0.200
* Data reported by Rico-Garcia et al. (2009).

The model sensitivity associated with the uncertainty of the input variable π

in the collection term pS is also discussed here. The angle between the surface of

needle leaves and the mean flow in the wind tunnel ranges from 65� to 125�, in which

approximately 22% change of the parameter π is introduced. The maximum I due
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to this change is found to be only 3.7%, which shows that the model results are not

sensitive to leaf orientation in this setup.

A.5 List of symbols

Table A.5.1: Nomenclature

Symbol Description Unit
c Particle number concentration m�3

cv Viscous drag coefficient Dimensionless
cf Form drag coefficient Dimensionless
Cd Local foliage drag coefficient Dimensionless
Cd,m Mean drag coefficient Dimensionless
Cc Cunningham coefficient Dimensionless

(� 1� 2λa
dp

�
1.257� 0.4 exp

��1.1dp
2λa




)

dp Particle diameter m
Dm Particle molecular diffusivity m2 s�1

Dt Turbulent diffusivity m2 s�1

F Total particle flux m�2 s�1

Fd Drag force m s�2

ga Local quasi-laminar boundary layer conductance m s�1

(� 1{prb)
HT Height of the wind-tunnel m
Kt Eddy viscosity m2 s�1

kb Boltzmann constant (� 1.38� 1023) J K�1

LAD Leaf area density m2 m�3

LAI Leaf area index m2 m�2

Lx Length of the test section m
Lc Adjustment length m
lm Effective mixing length m
P Departure from hydrostatic pressure N m�2

PD Packing density m3 m�3

Re Bulk Reynolds numbers (� uinLx
ν

) Dimensionless

rb Local quasi-laminar boundary layer resistance s m�1

S Local vegetation collection rate s�1

Sc Schmidt number (ν{Dm) Dimensionless
T Absolute temperature K
ui Instantaneous velocity components m s�1

u Mean longitudinal velocity m s�1

Continued on next page
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Table A.5.1 – continued from previous page
Symbol Description Unit
uin Inlet wind speed m s�1

u� Local friction velocity m s�1

u1u1 Longitudinal velocity variance m2 s�2

u1w1 Turbulent stress m2 s�2

vg Particle settling velocity m s�1

θ Model parameter for particle collection by Dimensionless
Brownian diffusion

γ Model parameter for particle collection Dimensionless
Brownian diffusion

µ Air dynamic viscosity (� ρν) Pa s
ν Air kinematic viscosity m2 s�1

ρ Air density kg m�3

λa Mean free path of air molecules m
τp Particle time scale s
τ Lagrangian turbulent time scale s
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Appendix B

Supporting information for chapter 3

B.1 Particle deposition onto hydraulically smooth plate

The three-sublayer depositional model, which has been implemented for smooth and

rough surfaces across a wide range of particle sizes (Browne, 1974; Davies, 1966;

Hussein et al., 2012; Lai and Nazaroff, 2000; Piskunov, 2009; Wood, 1981; Zhao and

Wu, 2006a,b), is adopted. Only the UFP deposition onto hydraulically smooth flat

plates is considered here. The theory for the three-sublayer depositional model is

based on the relation between flux and concentration gradient given as:

j � �pDt �DmqBCBy , (B.1.1)

where j is the particle flux for a fixed particle diameter dp and is assumed to be

constant across the so called particle concentration layer, which is contained within

the quasi-laminar boundary adjacent to the plate surface, Dt is the particle turbulent

diffusivity, Dm is the particle molecular diffusivity, C is the particle concentration

and y is the distance from the solid boundary. It is to be noted that the gravita-

tional settling and the turbo-phoresis are negligible for UFP and are not considered
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here. Moreover, the particle turbulent diffusivity is usually assumed to equal to the

turbulent viscosity Kt for UFP (Lin et al., 1953; Lai and Nazaroff, 2000; Zhao and

Wu, 2006a). This assumption is justified through the relation between Dt and Kt

given as (Hinze, 1975):

Dt � Ktp1� τp
τ
q�1, (B.1.2)

where τp and τ are the particle and turbulent relaxation time scale, respectively. For

UFP, τp{τ ! 1 resulting in Dt � Kt (Katul et al., 2010a). This assumption also

implies that the interaction between UFP and the flow field is negligible. Stated dif-

ferently, this assumption holds when the particles are small and sparsely distributed

in the air medium (Wood, 1981). Further accepting the assumption that the par-

ticle concentration far from the particle concentration layer C8 is constant (i.e.,

well-mixed conditions in air spaces most distant from foliage elements), the particle

deposition velocity can be defined as:

Vd � j

C8
. (B.1.3)

To normalize Equation B.1.1 as common in smooth boundary layers, normaliza-

tions indicated by superscript � are based on the so-called wall units. All velocity

normalizations are based on uv. Thus, the dimensionless particle concentration, dis-

tance from the surface, and particle deposition velocity are respectively defined as:

C� � C

C8
, (B.1.4)

y� � yuv
ν
, (B.1.5)

Vd
� � Vd

uv
, (B.1.6)
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where uv is the local friction velocity at the surface governed by the skin shear

stress (i.e., viscous drag cv) and ν is the air kinematic viscosity. By substituting the

dimensionless variables into Equation B.1.1, the normalized form of Equation B.1.1

can be written as:

Vd
� �

�
Kt �Dm

ν


 BC�

By� , (B.1.7)

To solve Equation B.1.7, the turbulent viscosity as a function of y�, which can be

obtained from either measurements or direct numerical simulation as summarized

elsewhere (Hussein et al., 2012), is required. Upon fitting a power-law expression

to the results of direct numerical simulation reported elsewhere (Kim et al., 1987)

yields (Lai and Nazaroff, 2000; Piskunov, 2009):

Kt

ν
�

$'''''''&'''''''%

7.669� 10�4py�q3; 0 ¤ y� ¤ 4.3

10�3py�q2.8214; 4.3 ¤ y� ¤ 12.5

1.07� 10�2py�q1.8895; 12.5 ¤ y� ¤ 30

, (B.1.8)

For a hydraulically smooth surface, the effective height of roughness element k must

be smaller than the thickness of the quasi-laminar boundary (i.e., the dimensionless

roughness height k� � kuv{ν ¤ 4.3). For such a smooth surface, the micro-roughness

elements do not alter the flow field given by Equation B.1.8 though they can alter

particle deposition. Since j is constant, Vd
� is also constant under certain uv con-

ditions. Integration of Equation B.1.7 with boundary conditions set as C� � 0 at

y� � y�0 and C� � 1 at y� � 30 (i.e., C � C8 outside the outer edge of the buffer

layer) yields:

1
Vd

� � ³30

y�0

1

pKtν �Dm
ν qdy

�,

y0
� � uv

ν

�
dp
2
� k

	
� r� � k�,

(B.1.9)
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where r� (� dpuv{2ν) is the dimensionless particle radius. It should be noted that

the velocity profile is not displaced here for hydraulically smooth surfaces but the

effect of the roughness element is included assuming the plate surface is a perfect

sink. Thus, the integral in Equation B.1.9 can be expressed as:

1

Vd
� � Ipr�, k�q �Mpr�, k�qSc2{3 �Npr�q, (B.1.10)

where Sc � ν{Dm is, as before, the particle Schmidt number. On the right hand

side, the first term is the integration of Equation B.1.9 across the quasi-laminar

boundary (i.e., y0
� ¤ y� ¤ 4.3) and Mpr�, k�q is a parameter that varies with

the dimensionless particle radius r� and the dimensionless roughness height k�. The

analytical solution for Mpr�, k�q has been derived elsewhere (Lai and Nazaroff, 2000)

and can be expressed as:

Mpr�, k�q � 3.64pa� bq,

a � ?
3 tan�1

�
2�4.3�10.92Sc�1{3

10.92
?
sSc�1{3

	
� 1

2

�pSc�1{3� 4.3
10.92q3

Sc�1�p 4.3
10.92q3

�
,

b � ?
3 tan�1

�
2�y0��10.92Sc�1{3

10.92
?
sSc�1{3

	
� 1

2

���
Sc�1{3� y0

�

10.92


3

Sc�1�
�
y0

�

10.92

	3
�� ,

(B.1.11)

The second term, Npr�q, is the integration of Equation B.1.9 across the buffer layer

(i.e., 4.3 ¤ y� ¤ 30) and is only associated with r�. The differences between the

formulation here and that of Lai and Nazaroff (2000) is that the effect of roughness

elements for hydraulically smooth surface and Dm outside the quasi-laminar bound-

ary layer are excluded in Lai and Nazaroff (2000) but included here. For convenience,
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Equation B.1.10 can be simply written as:

j � uv
Ipr�,k�qC8 � gaC8,

ga � uvpMpr�, k�qSc2{3 �Npr�qq�1,

(B.1.12)

where ga is the particle boundary layer conductance assuming Brownian diffusion

dominates the UFP collection mechanism. To compute Vd, two parameters must be

a priori specified for predicting ga: k and uv as governed by the skin friction (i.e.,

viscous drag).

B.2 Bridging the quasi-laminar boundary layer conductance to the
three sub-layer depositional model

Upon equating ga from Equation 3.4 for the vegetated medium and Equation B.1.12

for such a hydraulically smooth but finite plate, the dimensionless conductance ga� �
ga{uτ spatially averaged over L can be expressed as:

ga� � θSc
�γ �

�
uv
uτ


�
Mpr�, k�qSc2{3 �Npr�q

	�1

. (B.2.1)

By retaining the same form of ga as Equation 3.4 and adopting the velocity-squared

law (i.e., u2
v � cvU

2 and u2
τ � CdU

2) to describe the local momentum transfer

(Monteith and Unsworth, 1990; Taylor, 1916; Thom, 1968; Yi, 2008), Equation B.2.1

can be further simplified to yield:

ga� �
��

cv
Cd

	1{2
Mpr�, k�q�1

�
Sc

�γ,

θ �
�
cv
Cd

	1{2
Mpr�, k�q�1,

γ �
log

�
S
2{3
c � Npr�q

Mpr�,k�q



logpScq ,

(B.2.2)

165



where γ is expressed as a function of dp as well as k and θ is connected to k through

Mpr�, k�q�1 and pcv{Cdq1{2 that is linked to leaf dimension (see discussions in Section

3.4.3). Thus, an index I1 can now be employed to explore the effects of k on θ, given

as:

I1pr�, k�q � θ{
�
cv
Cd


1{2
�Mpr�, k�q�1. (B.2.3)

Otherwise, another index I2 can be defined as:

I2 � θMpr�, k�q �
�
cv
Cd


1{2
, (B.2.4)

which is used to explore how leaf dimension impacts θ through pcv{Cdq1{2 for a given

micro-roughness and flow conditions. Moreover, another dimensionless conductance

gk given by:

gk �Mpr�, k�q�1Sc
�γ. (B.2.5)

can further assist the analysis for compensatory effects of k and leaf dimension on θ

(see discussions in Section 3.4.7)
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Appendix C

Supporting information for chapter 4

C.1 Experiment

Measurements of size-resolved mean particle concentration and particle fluxes were

conducted at SMEAR II (Station for Measuring Forest Ecosystem-Atmosphere Re-

lations) located in a Scots pine stand (Pinus sylvestris L.) sown in 1962 next to the

Hyytiälä forest station in Southern Finland (61�50’51.67”N, 24�17’45.16”E, 181m

above sea level). The two-sided leaf area index (LAI) is � 7 m2 m�2 and is con-

centrated in the upper part of the canopy (7-15 m above the ground) leaving a

relatively open trunk space. A dense understory layer with LAI � 1.4 m2 m�2 (see

Figure 4.1(a)) was also measured. The average tree height (h) is 15 m and the tree

density is 1100-1200 ha�1. The terrain height adjacent to the tower has some varia-

tion with the largest terrain slope approximately 10 m per 100 m downward to the

southwest direction. The site details can be found elsewhere (Hari and Kulmala,

2005; Vesala et al., 2005). An eddy-covariance (EC) system was used to measure

the particle number flux above the canopy. The EC system includes an ultrasonic

Gill Solent 1012R (Gill Ltd.) anemometer to measure the three wind-velocity com-
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ponents and a condensation particle counter (CPC) TSI-3010 (TSI Inc.) to measure

the particle number concentration, which are both mounted at 23.3 m above the

forest floor. This EC setup, operational since 1997, has been described elsewhere

(Buzorius et al., 1998, 2000). In the trunk space, another EC system was installed

in 2007 and includes an ultrasonic Metek USA-1 (Metek Gmbh.) anemometer and

a CPC TSI-3010 (TSI Inc.) mounted at 2 m above the forest floor. In addition, air

was sampled through a 4.5 m long stainless steel tube with 3.6 mm inner diameter

and a flow rate of 5.6 l min�1, which were similar to measurements above the canopy

to assure comparable results. The 50% detection limit of both CPC were calibrated

to 11 nm by using silver particles. The runs included here were from the beginning

of March to the end of November in 2008 so as to avoid winter conditions, where

the vegetation may be covered with snow. Moreover, periods when the wind origi-

nated from a sector 215�-265� were exculded because polluted air from the institute

buildings was transported to the site. Also, runs where the friction velocity (u�)

measured above the canopy was   0.1 ms�1 were also excluded so as to reduce the

effects of storage fluxes within the canopy volume (not included in the model). With

these data-quality filters, the particle fluxes were calculated in a manner similar to

Grönholm et al. (2009) from 9, 035 out of 11, 760 possible half-hour data runs. Fur-

thermore, the spectrum of particle size was continuously measured via differential

mobility particle analyzer (DMPS), which consists of a Krypton-85 aerosol neutral-

izer, two Hauke-type differential mobility analyzers (DMA), and two CPC (TSI-3010

and TSI-3025). The characteristic diameter of aerosol particles is determined by the

DMPS measurements so as to derive the size-dependent deposition velocity Vd. De-

tailed information about the DMPS measurements and processing at SMEAR II can

be found in Aalto et al. (2001).
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C.2 Second-order closure model for the flow field (WS77)

C.2.1 Simplified Reynolds stress equations

For a steady state and horizontally homogeneous flow in near neutral condition, the

second-order closure model proposed by Wilson and Shaw (1977) can be simplified

to a set of equations (Wilson and Shaw, 1977; Katul and Albertson, 1998; Katul and

Chang, 1999; Poggi et al., 2004a) given by:

1) Mean momentum

0 � �du
1w1

dz
� 1

2
CdapzqU2 � dP

dx
, (C.2.1)

2) Tangential stress budget

0 � �w12dU
dz

� 2
d

dz

�
qλ1

du1w1

dz



� qu1w1

3λ2

� Cuq
2dU

dz
, (C.2.2)

3) Longitudinal velocity variance

0 � �2u1w1dU
dz

� d

dz

�
qλ1

du12

dz

�
� 2CdapzqU3 � q

3λ2

�
u12 � q2

3



� 2q3

3λ3

, (C.2.3)

4) Lateral velocity variance

0 � d

dz

�
qλ1

dv12

dz

�
� q

3λ2

�
v12 � q2

3



� 2q3

3λ3

, (C.2.4)

5) Vertical velocity variance

0 � d

dz

�
3qλ1

dw12

dz

�
� q

3λ2

�
w12 � q2

3



� 2q3

3λ3

, (C.2.5)

where Cd is the foliage dimensionless drag coefficient assumed to be invariant with

canopy height; apzq is the two-sided leaf area density (m2 m�3); dP {dx is the mean
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pressure gradient per unit fluid density produced by gentle topographic variations;

q2 � σu
2 � σv

2 � σw
2 is twice the turbulent kinetic energy (TKE); Cu is a similarity

constant (discussed later); λi � ail pi � 1, 2, 3q are the characteristic length scales for

flux-transport, pressure-induced return-to-isotropy and dissipation closure schemes

for the flow field, where lm is the canonical mixing length and ai are closure con-

stants that can be determined upon matching the canopy sublayer formulation to

the atmospheric surface layer (ASL) in the absence of a canopy (discussed later).

C.2.2 Closure constants and boundary conditions

To close the system, the closure constants a1, a2, a3 and Cu can be inferred from

the case when the production is balanced by the dissipation in the near-neutral

atmospheric surface layer (ASL) well above the canopy and are given by (Katul and

Albertson, 1998; Katul and Chang, 1999):

a1 � 1
Aq

a2 � AqpA2
u�A2

wq
6

a3 � �A3
qpA2

u�A2
wq

3pA2
w�

A2
q
3
q

Cu � pAW
Aq
q � 2

A2
qpA2

u�A2
wq

, (C.2.6)

where Aq � pA2
u � A2

v � A2
wq1{2, Au � σu{u� � 2.1, Av � σv{u� � 1.3 and Aw �

σw{u� � 1.25 are the normalized turbulent velocity standard deviations by u� in near-

neutral ASL, which also describe the upper boundary conditions at zR{h � 1.53 for

the three velocity variance budget equations (i.e., Equation C.2.3 - Equation C.2.5).

For the mean longitudinal velocity, the upper boundary condition is given by:

dU

dz
|zR � u�

kvpz � d0q |zR . (C.2.7)
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Furthermore, the corresponding four boundary conditions at the forest floor are

defined as:

du12

dz
|z�0 � dv12

dz
|z�0 � dw12

dz
|z�0 � U |z�0 � 0. (C.2.8)

For the Reynolds stress u1w1, only the upper boundary condition, measured u� (or,

for convenience, u� � 1 assuming all the velocity scales are normalized by u�) at

zR{h � 1.53, is required for solving the first-order ODE, Equation C.2.1. Thus, this

upper boundary condition for u1w1 may retain a residual u1w1 near the forest floor

needed for computing deposition velocity near the forest floor (Katul et al., 2011).

C.2.3 Canonical mixing length (lm) and zero-displacement height (d0)

The canonical mixing length is given by:

lm �

$''''&''''%
kvpz � d0q; z ¥ h

minp2β3Lc, kvph� d0qq; zf � h�zf
2

¤ z   h

minp2β3Lc, kvzf q; zf ¤ z   zf � h�zf
2

kvz; zv ¤ z   zf
kvzv; z   zv

, (C.2.9)

where kv � 0.4 is the von Kármán constant; d0 is the zero-plane displacement height

for momentum; the parameter β is a constant related to the attenuation of the

mean velocity within the canopy whose value is � 0.3 commonly reported for dense

canopies (Poggi et al., 2004a; Raupach, 1994); Lc � pCdapzqq�1 is the adjustment

length scale (Belcher et al., 2003); zf � 6 m is the height of the open trunk space

here; zv � 0.7 m is assumed to be the height of the region associated with the von

Kármán vortex streets. Equation C.2.9 ensures that 1) the lm varies with sufficiently

large apzq as suggested by Massman and Weil (1999), 2) the singularity in the lm

(i.e., lm � 8 when apzq � 0) is eliminated and 3) the increase in the dissipation

rate due to the reduced length scale of the wake (i.e., lm) behind the foliage element

is also considered (Liu et al., 1996). Furthermore, if the apzq distribution is highly
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skewed or exhibits a bimodal distribution, as is the case here, the zero-displacement

height d0 in Equation C.2.9 cannot be a priori determined as d0{h � 2{3 and has

to be implicitly solved for. The common approach to determine d0 is the so-called

centroid of the momentum sink (Jackson, 1981). However, the sign of Bu1w1{Bz may

be altered due to the presence of dP {dx. Thus, the d0 here is estimated from the

centroid of the drag force, which is given by (Katul et al., 2010a):

d0 �
³h
0
zpCdaU2qdz³h
0
CdaU

2
dz

. (C.2.10)

C.3 The pipe flow analogy model

Feng (2008) proposed a formulation of the deposition velocity Vd that extends a size-

resolved model for the dry particle deposition onto walls of rough pipes (Muyshondt

et al., 1996) to be used in large-scale air-quality models and is given by

Vd � u�

$''''&''''%
�
Sc�0.6

�looomooon
Brownian Diffusion

� c1 exp

�
�0.5

�
Re� � c2

c3


2
�

looooooooooooooooomooooooooooooooooon
Turbo-phoresis

� c4 exp

���0.5

�
ln
�
τ�p {c5

�
c6

�2
��

loooooooooooooooooomoooooooooooooooooon
Inertial Impaction

,/////./////-
,

(C.3.1)

where Re� � min tu�z0{ν, c2u is the roughness Reynolds number, c1 � 0.0226, c2 �
40300, c3 � 15330, c4 � 0.8947, c5 � 18 and c6 � 1.7 are constants determined

by matching this formulation to a wide range of experiments (Feng, 2008), and

τ�p � τpu2�
ν

is a dimensionless particle relaxation time scale. This model is adopted

here as lower boundary condition, where the deposition velocity at the height of the

understory layer (i.e., zu � 0.81 m) is denoted as Vfloor � Vdpzuq, the momentum
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roughness length is that for the understory layer zo � 0.01 m (Katul et al., 2010a)

and u� �
b
�u1w1pzuq is modeled by WS77.
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Appendix D

Supporting information for chapter 5

D.1 Experiment

The effects of variable U on fe were explored using sap flow measurements for two

potted broadleaf species (i.e., Pachira macrocarpa and Messerschmidia argentea)

placed in a large wind-tunnel (see Figure 5.8). The working section of the wind tunnel

is 18.5 m long, 2.1 m tall and 3.0 m wide as described in Chu et al. (2009). Sap flow

measurements were conducted across a wide range of U (up to 8 m s�1) at a fixed

PPFD (=250 µ mol m�2 s�1 for all runs) or zero PPFD (plants covered). The soil

type in the pot was sandy loam with a permanent wilting point (on a volume basis) of

θw � 5.6%. Two scenarios were explored for soil water availability: (1) well-watered

and (2) water-stressed conditions. For well-watered conditions, the soil was watered

with plethoric water and drainage through a small hole at the bottom of the pot

proceeded for three hours prior to each experiment. For water-stressed conditions,

the pot was not watered for 12 days and volumetric soil moisture θ measured by a

soil moisture sensor (EC10, Decagon Inc.) positioned at 5.0 cm underneath the soil

surface dropped from θ � 35.8% for near saturated conditions to θ � 27.7% and
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θ � 24.0% for Pachira macrocarpa and Messerschmidia argentea, respectively.

Table D.1.1: Characteristics of the stem and the branches.

Species Pachira macrocarpa Messerschmidia argentea
Total height (cm) 130 130
Main stem height (cm) 72 10
Main stem diameter (cm) 5.6 5.34

Branch 1
diameter (cm) — 3.45
length (cm) — 12

Branch 2
diameter (cm) — 2.44
length (cm) — 26

In this open-circuit suction-type wind-tunnel, the plant pot was placed in a soil

tank covered with plastic bag to prevent soil evaporation in the test section. For

both well-watered and water-stressed soil condition, U � 2, 4, 6 and 8 m s�1 in the

test section were produced by a fan and monitored by a pitot tube. Granier-type

(Granier, 1987) heat dissipation sensors were employed for measuring sap flow and

their calibration as well as installation details are described in Chu et al. (2009). Dur-

ing the course of each experiment, any potential cooling effect induced by increasing

U were minimized by covering the sensors with Styrofoam. Sap flow velocities (Vs)

were measured simultaneously at two different locations (i.e., 10 cm and 37 cm from

the soil surface) along the main stem for Pachira macrocarpa. The Vs was measured

in the main stem and two branches for Messerschmidia argentea. The stem and

branch characteristics for each species are presented in Table D.1.1. Steady-state

U can be achieved approximately one to two minutes after the fan was turned on

or when U was altered. Following any abrupt alteration to U , a transient duration

of 20 to 50 minutes is required for Vs to reach a new steady state condition (Chu

et al., 2009). The data reported here are all collected when Vs attains steady state

at each U . Environmental factors such as PPFD, Ta and RH were measured dur-

ing the course of each experiment and remained nearly unaltered at the ambient

indoor conditions. The Ta and RH were respectively measured to a resolution of
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�0.1 �C and �2 % using a hygrotransmitter (HD9008TR, Delta Ohm Inc.). PPFD

was nearly constant and controlled by multiple lamps and monitored by a quantum

sensor (LI-190SZ, LI-COR Inc.). All instrument signals were recorded by a data

logger (CR10X, Campbell Scientific Inc.) throughout each experiment. The average

values of the environmental factors for these two species are summarized in Table

D.1.2.

Table D.1.2: Environmental factors and the marginal water use efficiency for the two
species under two well-watered (WW) and water-stressed (WS) soil conditions.

Species Pachira macrocarpa Messerschmidia argentea
Soil water condition WW WS WW WS

Volumetric soil moisture
θ (%) 35.8 27.7 35.8 24.0

Air temperature
Ta (�C) 31.4 24.4 22.0 16.3

Relative humidity
RH (%) 56.4 89.3 90.3 93.5

Photosynthetically active radiation
PPFD (µmol m�2 s�1) 250 250 250 250

Marginal water use efficiencya

λ (µmol mol�1 kpa�1) 0.000035 0.85 0.000035 3.5
a The λ values were assumed to be small and finite for well-watered soil condition
(Katul et al., 2010b), but larger for dryer soil (Katul et al., 2012; Mäkelä et al.,
1996; Manzoni et al., 2011).

D.2 List of symbols

Table D.2.1: Nomenclature

Symbol Description Unit
As Sapwood area m2

Al Total leaf area m2

Coa Ambient oxygen concentration mmol mol�1

H Sensible heat flux W m�2

J Electron transport rate µmol m�2 s�1

Jmax Light saturated rate of electron transport µmol m�2 s�1

Jmax,25 Normalized Jmax at 25 �C µmol m�2 s�1

Continued on next page
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Table D.2.1 – continued from previous page
Symbol Description Unit
Kc Michaelis constants for CO2 fixation µmol mol�1

Ko Michaelis constants for oxygen inhibition mmol mol�1

L Latent heat of water vaporization J mol�1

LE Latent heat flux W m�2

PPFD Photosynthetically active radiation µmol m�2 s�1

Pa Atmospheric pressure kPa
Qn Net radiation W m�2

Qabs Absorbed radiation W m�2

Qout Emitted longwave radiation W m�2

Rd Daytime mitochondrial respiration rate µmol m�2 s�1

RH Relative humidity %
Ta Leaf surface temperature �C
Ti Intercellular temperature �C
Ts Ambient temperature �C
U Mean wind speed m s�1

VPD Vapor pressure deficit kPa
Vc,max Maximum carboxylation capacity µmol m�2 s�1

under light-saturated conditions
Vcmax,25 Normalized Vc,max at 25 �C µmol m�2 s�1

WUE Water use efficiency mol mol�1

ca Ambient CO2 concentration µmol mol�1

ci Intercellular CO2 concentration µmol mol�1

cp Capacity of dry air at constant pressure J mol�1 K�1

d Characteristic dimension of the leaf m
ea Ambient water vapor pressure kPa
e�apTaq Saturated water vapor pressure at a given Ta kPa
ei Inter-cellular water vapor pressure kPa
fc Assimilation rate µmol m�2 s�1

fe Transpiration rate mol m�2 s�1

gb,CO2 Laminar boundary layer conductance for CO2 mol m�2 s�1

gb,H2O Laminar boundary layer conductance for H2O mol m�2 s�1

gb,H Laminar boundary layer conductance for heat mol m�2 s�1

gcut Cuticular conductance to water vapor mol m�2 s�1

gnight Nighttime stomatal conductance to water vapor mol m�2 s�1

gres Nocturnal residual conductance mol m�2 s�1

gs,CO2 Stomatal conductance to CO2 mol m�2 s�1

gs,H2O Stomatal conductance to water vapor mol m�2 s�1

gt,CO2 Total conductance for CO2 mol m�2 s�1

gt,H2O Total conductance for water vapor mol m�2 s�1

Γ� CO2 compensation point µmol mol�1

Continued on next page
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Table D.2.1 – continued from previous page
Symbol Description Unit
εs Leaf surface emissivity Dimensionless
σ Stefan-Boltzmann constant W m�2 K�4

λ Marginal water use efficiency µmol mol�1 kPa�1

θ Volumetric soil moisture (on a volume basis) %
θw Permanent wilting point (on a volume basis) %

D.3 Leaf gas exchange model with well-coupled assumption

When interpreting leaf gas exchange measurements in cuvettes, well-coupled condi-

tion between the leaf and atmosphere (i.e., gb,i " gs,i) is commonly assumed and the

mass transfer of CO2 and water vapor adjacent to the leaf surface are given by:

fc � gs,CO2pca � ciq

fe � ags,CO2VPD,
(D.3.1)

where a � 1.6 is the relative diffusivity of water vapor with respect to CO2. Equation

D.3.1 also implies that Ts � Ta, cs � ca and ei � ea �VPD. Combining Equation

D.3.1 and Equation 5.5, ci and fc can now be expressed as a function of gs,CO2 instead

of gt,CO2 :

ci
ca
� 1

2
� 1

2gs,CO2ca
r�k1 � k2gs,CO2 �Rd

�
b
rk1 � pk2 � caq gs,CO2 �Rds2 � 4gs,CO2 p�cags,CO2k2 � k2Rd � k1Γ�qs

(D.3.2)

and

fc � 1

2
rk1 � pk2 � caq gs,CO2 �Rd

�
b
rk1 � pk2 � caq gs,CO2 �Rds2 � 4gs,CO2 p�cags,CO2k2 � k2Rd � k1Γ�qs.

(D.3.3)
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When optimality hypothesis (see Section 5.2.5) is again employed as a closure for

gs,CO2 , an analytical form of gs,CO2 can be derived:

gs,CO2 �
�pcapk1 �Rdq � k2pk1 �Rdq � 2k1Γ�q paVPDλq

pca � k2q2 pca � k2 � aVPDλq

�
a�aVPDλΠk1pk2 � Γ�qpk2Rd � cap�k1 �Rdq � k1Γ�qpca � k2 � 2aVPDλq2

aVPDλΠpca � k2q2 .

(D.3.4)

where Π � ca � k2 � aVPDλ. It is evident that the predicted gs,CO2 is not impacted

by U at a given PPFD when the well-coupled approximation is adopted. However,

previous models often combine this representation of gs,CO2 with boundary layer con-

ductance to accommodate wind effects on fe and fc, leading to monotonic increases

in fe and fc with increasing U . To contrast, the modeled fe, fc and gs,CO2 with

respect to variable U and PPFD for well-watered soil condition (λ � 0.001 µmol

mol�1 kPa�1) and small evaporative demand (RH � 60 %) (same conditions as Sec-

tion 5.3.2) are shown in Figure D.3.1. The predicted fe and fc can deviate from the

modeled results without invoking the well-coupled approximation (see Figure 5.3) by

up to 60% and 17% at high wind speed conditions, which is not trivial.

D.4 Ball-Berry and Leuning semi-empirical models

Two formulations of gs,CO2 - the Ball-Berry (BB) (Ball et al., 1987) and the Leuning

models (LEU) (Leuning, 1995) are commonly adopted in climate (Sellers et al., 1995,

1996) or biosphere-atmosphere (Baldocchi and Meyers, 1998; Juang et al., 2008; Lai

et al., 2000; Siqueira and Katul, 2002) gas exchange models. They are represented

as:

gs,CO2 � m
fc

ca � Γ�F (D.4.1)

where m’s (i.e., respectively denoted as mBB and mLEU for BB and LEU) are the

empirical fitting parameters and the reduction functions F ’s are respectively FBB �
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Figure D.3.1: Modeled fe, fc and gs,CO2 as a function of U and PPFD for well-
watered soil condition (λ � 0.001 µmol mol�1 kPa�1) and small evaporative demand
(RH � 60 %).

RH and FLEU � p1� VPD{D0q�1 where D0 is a normalizing constant for BB and

LEU.

The BB and LEU models are employed as alternatives to close the system of

equations discussed in Section 5.2 instead of the optimality hypothesis so as to fur-

ther assess whether a non-monotonic fe � U relation is robust to such optimality

condition. To illustrate, it is assumed that Γ� � 50 µmol mol�1, D0 � 3 kPa

and the same conditions for the four scenarios discussed in Section 5.3.1. The

empirical parameters m’s are estimated by setting mBB � rRH p1� ci{caqs�1 and

mLEU � p1� VPD{D0q p1� Γ�{caq p1� ci{caq�1 (Katul et al., 2000). The computed

ci{cs from the optimality model under high PPFD and high wind conditions (approx-

imating well coupled state) is adopted when determining the m’s in BB and LEU so
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as to ensure their equivalence to optimality theory for such conditions. Next, the fe

as a function of U and PPFD computed by BB and LEU are shown in Figure D.4.1.

Theses results maintain similar patterns when compared to the optimality model for

stomatal conductance (see Figure 5.3-5.5) such as the transitions of the modeled fe

trends with increasing U . It is safe to state that the conclusions drawn from the

modeling work here about the non-monotonic response of fe to U is not sensitive to

the precise stomatal closure approximation used to model the stomatal conductance.

This completes the objective of the appendix.

Figure D.4.1: Modeled fe using (a) Ball-Berry and (b) Leuning models assuming
the same conditions for the four scenarios discussed in Section 5.3.1. Well-watered soil
conditions with small evaporative demand, water-stressed soil conditions with small
evaporative demand, large evaporative demand under well-watered soil moisture con-
ditions and large evaporative demand under water-stressed soil moisture conditions
are respectively shown from top to bottom panels. Note that the transition PPFD
for the sign reversal of Bfe{BU is represented by broken lines.
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D.5 Sensitivity analysis

A sensitivity index I is defined as:

I �
gffe 1

N

Ņ

i�1

pO �O0qi2 � 100 (D.5.1)

where O0 is the model output calculated from the pre-specified input variables (i.e.,

Vcmax,25 � 50 µmol m�2 s�1 and Jmax,25 � 100 µmol m�2 s�1), O is the model output

calculated by altering input variables according to data reported elsewhere (Wang

et al., 1996; Wullschleger, 1993) and N is the number of data points. The index I is

selected here to assess the sensitivity of the model output due to the model parameter

variability. The uncertainties of the input variables for the proposed model are listed

in Table D.5.1. Table D.5.1 shows that the uncertainties for the two physiological

model parameters have minor impact on the model results (i.e., maximum I is small).

Table D.5.1: Sensitivity index I for the pre-specified input variables.

Jmax,25 (µmol m�2 s�1) Vcmax,25 (µmol m�2 s�1)
Range 75�125 25�75
Maximum I (%) 3.12 1.33
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Appendix E

Supporting information for chapter 6

E.1 Model parameters

This Supporting Information summarizes physiological, hydraulic and allometric at-

tributes used for model calculations. The focus here is on pine species to obtain

consistent parameters. When parameters for the pine species are not available, pa-

rameters for coniferous species in general are used instead. The physiological and

Table E.1.1: Leaf-level physiological and hydraulic attributes

Parameters Value Unit
Vcmax,25

a 57 µmol m�2 s�1

Jmax,25
a 98 µmol m�2 s�1

Cl 5.5 kg m�3 MPa�1

rl 8.8� 103 kg�1 m2 s MPa
∆zl 2.5�10�3 m
λ�b 664 µmol mol�1

βb 1.56 MPa�1

a The values of Vcmax,25 and Jmax,25 were taken to be well within the range
of the data reported elsewhere (Medlyn et al., 2002; Wang et al., 1996;
Wullschleger, 1993) for conifers.
b The parameters of λ-ψl relation were adopted from elsewhere (Manzoni
et al., 2011) for conifers in arid or semiarid climates.
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Table E.1.2: Xylem hydraulic parameters

Parameters Value Unit
Vulnerability curve
Kmax

a 1.5 kg m�1 s�1 MPa�1

c1 4.8 MPa
c2 3.5 dimensionless
P12 -2.67 MPa
Plant retention curve
θp,sat 900 kg m�3

φ0 350 MPa
pb 2 or 20 dimensionless
Cp

b �5 or �50 kg m�3 MPa�1

a The value of Kmax is selected from a literature survey for conifers (Cochard,
1992; Manzoni et al., 2013b).
b The two different values of p are used to generate larger and smaller Cp’s
(see Table 6.1). Note that Cp is not a constant for a given p but depends on
the local water status in the xylem tissues. The reported Cp’s correspond to
the range of φp where xylem commonly operates without suffering runaway
cavitation (i.e., φp ¡ P12).

hydraulic attributes required for the leaf-level gas exchange and water balance are

summarized in Table E.1.1. The maximum carboxylation capacity (Vcmax,25) and the

light saturated rate of electron transport (Jmax,25) at 25 oC are set to be 57 and 98

µmol m�2 s�1, respectively (Medlyn et al., 2002; Wang et al., 1996; Wullschleger,

1993) and these values are close to values reported for Loblolly pines (Juang et at.,

2008). The Cl and rl are respectively taken as 5.5 kg m�3 MPa�1 and 8.8 � 103

kg�1 m2 s MPa for pines (Domec et al., 2009). To explore how nocturnal transpi-

ration impacts PWS, gres=0.02 and 0.04 mol m�2 s�1 are assumed to reflect small

and large nocturnal transpiration conditions. The choice of gres resides in the mid-

dle of the range for numerous coniferous species as summarized elsewhere (Caird

et al., 2007). Also, the two empirical parameters of the λ-ψl relation (i.e., λ� and

β) are taken for the coniferous species reported elsewhere (Manzoni et al., 2011).

The model parameters describing the xylem vulnerability and plant retention curves
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Table E.1.3: Root properties and soil hydraulic parameters

Parameters Value Unit
Root
Buniform 4000 m m�3

Bpower
a -438688�0.976100zs ln 0.976 m m�3

LR 1 m
kr 10�9 s�1

Sandb

Ks,max 1.76�10�4 m s�1

θs,sat 0.395 m3 m�3

φs,sat -0.121 m
b 4.05 dimensionless
Sandy clay loamb

Ks,max 6.3�10�6 m s�1

θs,sat 0.42 m3 m�3

φs,sat -0.299 m
b 7.12 dimensionless
a The power law reduction function illustrating the vertical root distribution is
adopted from elsewhere (Jackson et al., 1996) for conifers.
b The hydraulic parameters for the two soil types are taken from elsewhere
(Clapp and Hornberger, 1978).

assigned for pine are taken to be within the range from literature (Cochard, 1992;

Domec and Gartner, 2001; Kröber et al., 2014; Manzoni et al., 2013b) and are listed

in Table E.1.2. When testing the dependence of PWS on Cp, the two values of p

(i.e., 2 and 20) are used as surrogates for different Cp’s (� 5 and 50 kg m�3 MPa�1)

in the range of φp ¡ P12 where xylem tissues commonly operates without suffering

runaway cavitation. The root properties and soil hydraulic parameters are provided

in Table E.1.3. For comparison, the rooting profiles in the vertical direction are

chosen to be uniformly distributed or varied using a power-law reduction function

reported elsewhere (Jackson et al., 1996) for coniferous species, given that the total

root density within LR is held constant over the course of the dry-down period. Two

different soil types - sand and sandy clay loam (Clapp and Hornberger, 1978) - are

also explored so as to delineate the model behavior for different soil texture. While
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two tree heights (i.e., 10 and 20 m) and LAIs (i.e., 6 and 4 m2 m�2) are selected to

contrast different tree sizes and leaf area, the ratio of leaf area to basal sapwood area

(i.e., Al{As,base � 1000) and the effective leaf thickness (i.e., ∆zl � 2.5�10�3 m) are

maintained constant.

This Supporting Information also shows the diurnal variation of atmospheric

variables used for model calculations. The 24-hour time series of the atmospheric

variables shown in Figure E.1.1 represent typical summertime meteorological vari-

ables at the Blackwood Division of the Duke Forest (35.971 oN, 79.09 oW, elevation

163 m) near Durham, North Carolina (Volpe et al., 2013).

Figure E.1.1: The typical diurnal variation of the atmospheric forcing in Black-
wood Division of the Duke Forest during summer time (Volpe et al., 2013): (a) air
temperature (Ta), (b) relative humidity (RH), (c) photosynthetically active radiation
(PPFD), and (d) wind speed (U).
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“Reliance on stored water increases with tree size in three species in the Pacific
Northwest,” Tree Physiology, 23, 237–245.

Phillips, N. G., Oren, R., Licata, J., and Linder, S. (2004), “Time series diagnosis of
tree hydraulic characteristics,” Tree Physiology, 24, 879–890.

203



Piskunov, V. N. (2009), “Parameterization of aerosol dry deposition velocities onto
smooth and rough surfaces,” Journal of Aerosol Science, 40, 664–679.

Pitcairn, C. E. R. and Grace, J. (1984), “The effect of wind on provenances of Molinia
caerulea L.” Annals of botany, 54, 135–143.

Poggi, D., Porporato, A., and Ridolfi, L. (2002), “An experimental contribution to
near-wall measurements by means of a special laser Doppler anemometry tech-
nique,” Experiments in Fluids, 32, 366–375.

Poggi, D., Porporato, A., Ridolfi, L., Albertson, J. D., and Katul, G. G. (2004a),
“The effect of vegetation density on canopy sub-layer turbulence,” Boundary-Layer
Meteorology, 111, 565–587.

Poggi, D., Katul, G. G., and Albertson, J. D. (2004b), “Momentum transfer and
turbulent kinetic energy budgets within a dense model canopy,” Boundary-Layer
Meteorology, 111, 589–614.

Pope, S. (2000), Turbulent Flows, Cambridge University Press, New York.

Prandtl, L. (1925), “A report on testing for built-up turbulence,” Zeitschrift fur
Angewandte Mathematik und Mechanik, 5, 136–139.

Prentice, I. C., Meng, T., Wang, H., Harrison, S. P., Ni, J., and Wang, G. (2011),
“Evidence of a universal scaling relationship for leaf CO2 drawdown along an
aridity gradient,” New Phytologist, 190, 169–180.

Prieto, I., Kikvidze, Z., and Pugnaire, F. (2010), “Hydraulic lift: soil processes and
transpiration in the Mediterranean leguminous shrub Retama sphaerocarpa (L.)
Boiss,” Plant and Soil, 329, 447–456.

Prieto, I., Armas, C., and Pugnaire, F. (2012), “Water release through plant roots:
new insights into its consequences at the plant and ecosystem level,” New Phytol-
ogist, 193, 830–841.

Pryor, S., Barthelmie, R., Spaulding, A., Larsen, S., and Petroff, A. (2009), “Size-
resolved fluxes of sub-100-nm particles over forests,” Journal of Geophysical Re-
search: Atmospheres (1984–2012), 114.

Pryor, S. C., Larsen, S. E., Sorensen, L. L., Barthelmie, R. J., Grönholm, T., Kul-
mala, M., Launiainen, S., Rannik, U., and Vesala, T. (2007), “Particle fluxes over
forests: analyses of flux methods and functional dependencies,” Journal of Geo-
physical Research-Atmospheres, 112.

Pryor, S. C., Gallagher, M., Sievering, H., Larsen, S. E., Barthelmie, R. J., Birsan,
F., Nemitz, E., Rinne, J., Kulmala, M., Grönholm, T., Taipale, R., and Vesala, T.
(2008a), “A review of measurement and modelling results of particle atmosphere-
surface exchange,” Tellus Series B-Chemical and Physical Meteorology, 60, 42–75.

204



Pryor, S. C., Barthelmie, R. J., Sorensen, L. L., Larsen, S. E., Sempreviva, A. M.,
Grönholm, T., Rannik, U., Kulmala, M., and Vesala, T. (2008b), “Upward fluxes of
particles over forests: when, where, why?” Tellus Series B-Chemical and Physical
Meteorology, 60, 372–380.

Quaas, J. (2011), “GLOBAL WARMING The soot factor,” Nature, 471, 456–457.

Ramanathan, V. and Carmichael, G. (2008), “Global and regional climate changes
due to black carbon,” Nature Geoscience, 1, 221–227.

Ramanathan, V., Crutzen, P., Kiehl, J., and Rosenfeld, D. (2001), “Aerosols, climate,
and the hydrological cycle,” science, 294, 2119–2124.

Raupach, M. and Thom, A. (1981), “Turbulence in and above plant canopies,” An-
nual Review of Fluid Mechanics, 13, 97–129.

Raupach, M. R. (1994), “Simplified expressions for vegetation roughness length and
zero-plane displacement as functions of canopy height and area index,” Boundary-
Layer Meteorology, 71, 211–216.

Raupach, M. R. and Shaw, R. H. (1982), “Averaging procedures for flow within
vegetation canopies,” Boundary-Layer Meteorology, 22, 79–90.

Reeks, M. (1983), “The transport of discrete particles in inhomogeneous turbulence,”
Journal of Aerosol Science, 14, 729–739.

Reinap, A., Wiman, B. L. B., Svenningsson, B., and Gunnarsson, S. (2009), “Oak
leaves as aerosol collectors: relationships with wind velocity and particle size dis-
tribution. Experimental results and their implications,” Trees-Structure and Func-
tion, 23, 1263–1274.

Rico-Garcia, E., Hernandez-Hernandez, F., Soto-Zarazua, G. M., and Herrera-Ruiz,
G. (2009), “Two new methods for the estimation of leaf area using digital photog-
raphy,” International journal of agriculture and biology, 11, 397–400.
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