
UC Berkeley
UC Berkeley Electronic Theses and Dissertations

Title
The rates and processes affecting the deposition of NOx to vegetation at leaf-level and 
canopy-level scales: impacts on NOx lifetimes and budgets in the troposphere

Permalink
https://escholarship.org/uc/item/9t3305z2

Author
Delaria, Erin Rose

Publication Date
2020
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9t3305z2
https://escholarship.org
http://www.cdlib.org/


The rates and processes affecting the deposition of NOx to vegetation at leaf-level and
canopy-level scales: impacts on NOx lifetimes and budgets in the troposphere

by

Erin R Delaria

A dissertation submitted in partial satisfaction of the

requirements for the degree of

Doctor of Philosophy

in

Chemistry

in the

Graduate Division

of the

University of California, Berkeley

Committee in charge:

Professor Ronald C. Cohen, Chair
Professor Daniel Neumark

Professor Inez Fung

Spring 2020



The rates and processes affecting the deposition of NOx to vegetation at leaf-level and
canopy-level scales: impacts on NOx lifetimes and budgets in the troposphere

Copyright 2020
by

Erin R Delaria



1

Abstract

The rates and processes affecting the deposition of NOx to vegetation at leaf-level and
canopy-level scales: impacts on NOx lifetimes and budgets in the troposphere

by

Erin R Delaria

Doctor of Philosophy in Chemistry

University of California, Berkeley

Professor Ronald C. Cohen, Chair

Both canopy-level field measurements and laboratory studies suggest that absorption of
NO2 through the leaf stomata of vegetation is a significant sink of atmospheric NOx (NOx

≡ NO2 + NO), removing a large fraction of the global soil-emitted NOx . Understanding the
mechanisms of NOx foliar loss is important for constraining surface ozone, constraining NOx

mixing ratios, and assessing nitrogen inputs to ecosystems. However, the mechanisms of this
foliar NO2 uptake and their impact on NOx lifetimes remains incompletely understood.

To understand the leaf-level processes affecting ecosystem scale atmosphere-biosphere NOx

exchange, I have conducted laboratory experiments of branch-level NO2 deposition fluxes
to six coniferous and four broadleaf native California trees using a branch enclosure system
with direct Laser Induced Fluorescence (LIF) detection of NO2, which excludes biases from
other reactive nitrogen compounds and has a low detection limit of 5—50 ppt. I report NO2

foliar deposition that demonstrates a large degree of inter-species variability, with maximum
observed deposition velocities ranging from 0.15—0.51 cm/s during the daytime, as well as
significant stomatal opening during the night. I also find that the contribution of mesophyllic
processing to the overall deposition rate of NO2 varies by tree species, but has an ultimately
inconsequential impact on NOx budgets and lifetimes. Additionally, I report no evidence of
any emission of NO2 from leaves, suggesting an effective uni-directional exchange of NOx

between the atmosphere and vegetation.

In parallel with these laboratory experiments, I have constructed a detailed 1-D atmospheric
model to assess the contribution of leaf-level NOx deposition to the total NOx loss and
canopy flux. My model is able to closely replicate canopy fluxes and above-canopy NOx

daytime mixing ratios observed during two field campaigns, one in a western Sierra Nevada
pine forest (BEARPEX-2009) and the other in a northern Michigan mixed hardwood forest
(UMBS-2012). I present a conceptual argument for the importance of NO2 dry deposition
and demonstrate that NO2 deposition can provide a mechanistic explanation for the canopy
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reduction of NOx . Using the leaf uptake rates measured in the laboratory, these modeling
studies suggest that loss of NOx to deposition in forests competes with the pathways of HNO3

and alkyl nitrate (RONO2) formation, with deposition making up to ∼40% of the total NOx

loss. Additionally, foliar uptake of NOx at these rates could account for as much as ∼60%
canopy reduction of soil NOx emissions, reconciling inferences of canopy NOx reduction with
leaf-level deposition processes. Finally, I show NO2 foliar deposition has a significant impact
on ozone and nitrogen budgets under both high- and low-NOx conditions.
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Chapter 1

Introduction

1.1 Interactions between the atmosphere and

biosphere

The exchange of gases between the atmosphere and the biosphere plays a fundamental role in
determining the composition of the atmosphere. At the same time, changes in atmospheric
composition and climate provide important feedbacks that affect biological communities.

This dynamic interaction between the atmosphere and biosphere is best exemplified by
photosynthesis–the process by which plants take up carbon dioxide (CO2) and water to syn-
thesize glucose and oxygen. By this process, vegetation provides one of the largest sinks of
CO2 (IPCC, 2013), and is the source of the oxygen in our atmosphere. Not only does pho-
tosynthesis drive much of the carbon cycle, through the simultaneous release of water vapor
(a process called transpiration) vegetation also influences the water cycle and climate. Tran-
spiration may return approximately 40% of incident precipitation back to the atmosphere,
which in turn encourages later precipitation events (Schlesinger and Jasechko, 2014).

Exchange of gases between vegetation and the atmosphere drives important atmospheric
chemical processes. Emission of biogenic volatile organic compounds (BVOCs) from vege-
tation (e.g. terpenoids, isoprene, pinene, and 2-methyl-3-buten-2-ol), drives the formation
of secondary organic aerosols through reactions with the atmospheric oxidants ozone (O3),
hydroxyl radicals (OH), and nitrate radicals (NO3) (Seinfeld and Pandis, 2006; Atkinson,
2013). These reactions produce a variety of lower volatility products that readily condense
to form particles. Aerosols affect the climate by reflecting incoming solar radiation, and by
serving as cloud condesation nuclei (CCN), which also influence precipitation. The emission
of these BVOCs has been shown to have a strong positive temperature dependence, creating
a complex climate feedback (Monson et al., 1992). Vegetation and fungi also directly emit
primary organic aersols in the form of pollen and spores (Heald and Spracklen, 2009; Despres
et al., 2012).

Activity of the biosphere is also instrumental in the global nitrogen cycle. Archae and
bacteria in the roots of some plants fix atmospheric N2 to ammonium (NH4

+) (Franche et al.,
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2009). Autotrophic nitrifying bacteria oxidize this ammonium to nitrate, both of which are
usable forms of nitrogen for plants. Denitrification by anaerobic bacteria reduces nitrate
and nitrite back to N2. Nitrous oxide (N2O) and nitric oxide (NO) are major bi-products
of denitrification (Aulakh et al., 1992). Consequently, these nitrogen-containing gases are
released to the atmosphere (Bouwman, 1996; Davidson and Kingerlee, 1997). Nitrous oxide is
an inert and potent greenhouse gas, and nitric oxide is a highly reactive form of nitrogen that,
as will be discussed in the following section, drives radical chain reactions in the atmosphere.

1.2 The role of NOx in chemical oxidation in the

troposphere

Although trace gases constitute only a tiny fraction of air, they are responsible for driv-
ing vast majority of the chemistry in the atmosphere. Trace gas chemistry has important
consequences for human and ecosystem health, agricultural productivity, climate, weather,
and equity. Globally, exposure to poor air quality leads to approximately 2 million excess
deaths per year (Forouzanfar et al., 2015). The passage of the Clean Air Act in 1970 has
led to a substantial improvement of the air quality in the United States over the past fifty
years (Samet, 2011). However, hundreds of millions of people in the US are still exposed to
concentrations of air pollutants, particularly ozone (O3) and fine particulate matter (PM2.5)
that exceed national ambient air quality standards (Environmental Protection Agency Air
Data, 2020).

Although ozone is essential to the absorption of ultraviolet radiation in the stratosphere,
in the troposphere (the region of the atmosphere extending from the surface to ∼10—18 km
above sea level), particularly in urban areas, O3 is a major pollutant that has adverse res-
piratory health effects and and causes damage to plants (Seinfeld and Pandis, 2006; Jacob,
1999). The concentration of O3 in the troposphere can be particularly difficult to control,
as it is non-linearly dependent on the emissions of nitrogen oxides (NOx ≡ NO2 + NO)
and volatile organic compounds (VOCs), as well as on temperature (Thornton et al., 2002;
Pusede and Cohen, 2012; Pusede et al., 2014; Romer et al., 2018, e.g.). Pre-industrial back-
grounds of ozone, resulting from slow transport from the stratosphere (where it is produced
in large amounts by photochemical reactions of oxygen) and reactions of biogenic NO and
VOCs, were typically 5—20 ppb (10−9 mol mol−1). Due to anthropogenic (caused by hu-
man activity) emissions of NOx, methane, carbon monoxide, and other VOCs, the present
ozone background in clean surface air is 20—50 ppb (Jacob, 1999; Seinfeld and Pandis, 2006;
Cooper et al., 2012). The US Environmental Protection Agency has recommended that the
8-hour average of O3 not exceed 70 ppb. The highest concentrations of O3, in the US oc-
curs in the Los Angeles basin, the San Joaquin Valley, eastern Texas, industrial Midwestern
regions, and mid-Alantic eastern states, where concentrations frequently exceed this 70 ppb
limit.

Trospheric ozone is produced through the reaction of VOCs, NOx, reactive hydrogen



CHAPTER 1. INTRODUCTION 3

OH

RH, O2

HO2 RO

NO

NO2

R’O
O2

RO2

HNO3

RONO2

RO2NO2

NO

NO
O(3P) O3

O2

HO2, RO2,
O3

NO2

hn

NO2

Figure 1.1: Radical propagation and termination reactions leading to the production of
ozone and loss of NOx in the troposphere.

species (HOx ≡ OH + HO2), and organic peroxy radicals (RO2) (Fig. 1.1) (Jacob, 1999;
Seinfeld and Pandis, 2006; Stockwell et al., 2011). The chain reaction of ozone formation is
initiated by sunlight ≈80% by R1.1 and R1.2 and with more minor, but important, radical
production from R1.3 and R1.4:

O3 + hν −−→ O2 + O(1D) (R 1.1)

O(1D) + H2O −−→ 2 OH (R 1.2)

H2CO + hν
O2−−→ 2 HO2 (R 1.3)

HONO + hν −−→ NO + OH (R 1.4)

The rate of OH production is determined by the photolysis frequency, which is dependent on
the flux of solar radiation. The OH radicals react with VOCs by either hydrogen abstraction
or addition to a double bond (in the case of alkenes) (Jacob, 1999; Seinfeld and Pandis, 2006;
Stockwell et al., 2011). Both pathways result in the formation of RO2.

OH + RH
O2−−→ RO2 + H2O (R 1.5)

RO2 + NO −−→ RO + NO2 (R 1.6)

The RO radical subsequently reacts with molecular oxygen to form an aldehyde or ketone.
RO can also decompose or isomerize to form a range of carbonyl products.

RO + O2 −−→ R′CHO + HO2 (R 1.7)

HO2 + NO −−→ OH + NO2 (R 1.8)

Each molecule of NO2 produced in this reaction mechanism is photolyzed by sunlight, serving
as the primary tropospheric source of O(3P). O(3P) is a highly reactive radical that rapidly
recombines with molecular oxygen to produce ozone (Crutzen, 1979):

NO2 + hν −−→ O(3P)+ NO (R 1.9)
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O(3P) + O2 −−→ O3 (R 1.10)

The resulting net reaction for the catalysis of ozone formation in the troposphere is thus
(Jacob, 1999; Seinfeld and Pandis, 2006; Stockwell et al., 2011):

Net: RH + 4 O2 −−→ R′CHO + 2 O3 + H2O

NOx is emitted to the atmosphere through fossil fuel burning, forest fires, and lightning–
high temperature processes leading to the dissociation of N2 (Seinfeld and Pandis, 2006).
NOx is also emitted through the soil microbial processes of nitrification and de-nitrification
(Caranto and Lancaster, 2017). Ozone production can be reduced either through decreasing
emissions of NOx or VOCs. However, the emission of VOCs from vegetation creates a large
biogenic background (e.g König et al., 1995; Sindelarova et al., 2014; Karl et al., 2003) that
limits the effectiveness of reducing VOC emissions. Typically, constraining the production of
surface ozone requires controlling emissions of NOx (Pusede and Cohen, 2012; Pusede et al.,
2014). Fig. 1.2 shows the production of ozone as a function of NOx mixing ratio. At low
concentrations of NOx, increases in NOx mixing ratios causes more efficient radical cycling,
greater OH concentrations and more ozone production. In very high NOx conditions, further
increases in NOx augments the efficiency of the chain terminating reactions:

RO2 + NO −−→ (1−α)RO + (1−α)NO2 + αRONO2 (R 1.11)
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OH + NO2 −−→ HNO3 (R 1.12)

where α is the fraction of the NO + RO2 reaction that is chain-terminating, producing an
alkyl nitrate (Jacob, 1999; Romer et al., 2018). The reactions R1.11 and R1.12–forming
alkyl nitrates and nitric acid–serve as the primary chemical sinks of NOx. Although it is
relatively less well-understood, NOx has also been shown in a number of direct laboratory
measurements (e.g. Sparks et al., 2001; Teklemmariam and Sparks, 2006; Chaparro-Suarez
et al., 2011; Breuninger et al., 2013; Delaria et al., 2018, 2020), and indirect field observations
(e.g. Jacob and Wofsy, 1990; Geddes and Murphy, 2014) to deposit directly to vegetation.

Understanding the budgets and lifetimes of NOx requires understanding both its produc-
tion and loss processes, including this deposition to vegetation. Figure 1.3 shows the complex
physical and chemical processes controlling the budgets of NOx and its higher oxidized forms.

1.3 Canopy-processes: The exchange of NOx between

the atmosphere and biosphere

In a remote forested environment, the primary source of NOx to the atmosphere is emission
from soil microbial activities, mostly in the form of NO. This NO reacts with O3 to form
NO2, and the two are rapidly inter-converted on the order of a few minutes (Crutzen, 1979).
Only a fraction of the soil-emitted NOx is ventilated above the canopy (Yienger and Levy,
1995; Jacob and Wofsy, 1990). Deposition of NOx to trees and understory vegetation has
long been thought to be an important cause of this canopy NOx reduction (Lerdau et al.,
2000). Indeed, many laboratory leaf-level chamber experiments have directly measured the
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foliar uptake of NOx, primarily in the form of NO2. Many atmospheric models have employed
a ”canopy reduction factor” to account for the loss of NOx within the canopy (e.g. Yienger
and Levy, 1995). However, this parameter is non-physical and acts only on NOx emitted
below the canopy (i.e. not NOx advected from near-by anthropogenic sources that also has
the potential to deposit). A more physical way to think of of the loss of NOx within the
canopy is as a flux process:

Flux = −Vd · LAI · [NOx] (1.1)

where LAI is the leaf area index–the ratio of the total leaf area in a region to the ground
area–and Vd is the deposition velocity. Many direct leaf-level laboratory measurements have
also observed emission, rather than deposition, of NO2 and NO at the low NOx mixing ra-
tios relevant to remote forested environments. This would imply that vegetation acts as an
additional 1010 molecules cm−2 s−1 emission source of NOx, contrary to field observations sug-
gesting an equivalent sink of NOx (Lerdau et al., 2000). The ambient NOx concentration at
which vegetation instead acts as a source of NOx is known as the compensation point. Com-
pensation points in laboratory experiments have been sometimes observed (Gessler et al.,
2000; Sparks et al., 2001; Hereid and Monson, 2001; Teklemmariam and Sparks, 2006) and
sometimes not (Breuninger et al., 2013; Chaparro-Suarez et al., 2011; Delaria et al., 2018,
2020).

The deposition of trace gases, like NOx, to vegetation is often thought of using the re-
sistance model framework of Baldocchi et al. (1987) (Fig. 1.4). An atmospheric source of
NOx must pass through a series of ”barriers”, analogous to resistors in an electrical circuit.
Transfer of a trace gas over each of these ”barriers” is a steady-state process. The first
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resistor is the aerodynamic resistance (Ra), which describes the resistance associated with a
trace gas diffusing through a turbulently flowing parcel of air and reaching the surface of a
leaf. This parameter is dependent upon the diffusivity of the gas in question and the wind
speed. The second resistor is the boundary layer resistance (Rb) and represents the diffusion
of a trace gas through a region of laminarly flowing air layer directly above a leaf surface.
This parameter is dependent upon microscopic surface properties of the leaf and trace gas
diffusivity. Once a trace gas reaches the leaf surface, it can either deposit directly to the
cuticles (i.e. leaf surface), or diffuse through the stomata–pores in the leaf through which
CO2, O2, and H2O are exchanged through the processes of photosynthesis, respiration, and
transpiration. The stomatal aperture is controlled through a variety of plant signaling pro-
cesses dependent on air humidity, temperature, soil water availability, availability of sunlight,
and the CO2 mixing ratio, among other factors (Jarvis, 1976; Emberson et al., 2000; Medlyn
et al., 2011; Bonan et al., 2014). Once the trace gas enters into the stomata, it can undergo
hydrolysis, enzymatic reactions, etc. within the leaf tissue. This later step determines the
resistance of the mesophyll (Rm). Many different gases can deposit to leaves in this manner,
most notably VOCs, O3, H2O2, HNO3, peroxyacyl nitrate, and alkyl nitrates. In the case of
NO2, the currently understood mechanism of uptake is dissolution into the aqueous phase of
the apoloplasts to form nitrate and nitrite, and subsequent reaction with nitrate reductase
to form ammonium (Ammann et al., 1995; Tischner, 2000). Isotope labelling experiments
with 15N have demonstrated atmospheric NO2 is assimilated into amino acids of plant leaves
(Rogers et al., 1979; Okano and Totsuka, 1986; Nussbaum et al., 1993). It has also been sug-
gested that a significant fraction of a plant’s nitrogen can be obtained through atmospheric
nitrogen (Templer et al., 2015). Deposition of NOx can thus have important consequences
on the regional oxidative capacity of the troposphere, ecosystem nitrogen inputs, ozone pro-
duction, the atmospheric lifetime of NOx , and air quality.

Although there are a number of studies on leaf-level deposition of NOx the understanding
of the processes governing foliar uptake remains incomplete. In addition to discrepancies
over the existence of a compensation point, previous investigations have also resulted in a
wide range of deposition velocities for tree species in the same land category (i.e. evergreen
needleleaf, evergreen broadleaf, deciduous broadleaf, etc.). These land classifications are
used in global chemical transport models for representing foliar deposition (Zhang et al.,
2003). Studies have also disagreed on the degree of mesophyllic influence on the total uptake
rate–with some (e.g Chaparro-Suarez et al., 2011) finding the deposition rates essentially
equivalent to the stomatal conductance, and others (e.g Breuninger et al., 2012) finding
substantially lower rates. There is thus a need for further studies on the deposition of NOx

to a wider range of plant species, under a broad spectrum of conditions.
In this dissertation I present new understandings of the deposition of NOx to trees and the

impacts of this deposition pathway on the atmospheric NOx budget and ozone production.
In Chapter 2 I present laboratory measurements for the first time of NO2 and NO deposi-

tion to the leaves a North American tree species, in this case Quercus agrifolia. The method
used for detecting NO2 is laser-induced fluorescence–a highly sensitive and specific detection
method previously used in a number of field experiments (e.g. Thornton et al., 2000; Min
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et al., 2014; Nault et al., 2015; Romer et al., 2016). I show that the rates of deposition
measured can account for canopy reduction factors and serve as an significant loss process
for NOx , competitive with its chemical sinks. I argue that the the bi-directional exchange
of NO is atmospherically negligible compared with the large uni-directional deposition flux
of NO2. I also find no evidence of any emission from leaves at a concentration of zero ppb
NOx, further calling in question the existence of a compensation point.

In Chapter 3 I describe a multi-box 1D model I have constructed to examine the impacts
of leaf-level NOx deposition on the canopy scale. I investigate the effects of different model
parameterizations of stomatal conductance on the deposition of NO2, and subsequently on
ozone production, NOx lifetimes, and NOx canopy fluxes. Although relative humidity, tem-
perature, solar light intensity, season, CO2 mixing ratios, ozone levels, and soil moisture are
all known to affect the degree of stomatal opening, only temperature and light intensity are
currently included in global chemical transport models. I find that the effects of humidity
and soil moisture will be crucial additions to these models and can greatly influence pre-
dictions of NOx deposition, particularly in areas, like California, with frequent droughts. I
argue that relatively small changes in stomatal conductance can have substantial effects on
ozone production, NOx lifetimes, and NOx canopy fluxes.

In Chapter 4 I investigate the deposition of NO2 to ten native California tree species–six
conifers and four broadleaf species–and consider evidence for contribution of the mesophyllic
resistance to the total deposition rate. I also examine the effects of drought stress and excess
soil nitrogen on the mesophyllic resistance. I again find no evidence of any compensation
point, and, although I observe significant indications of the existence of a mesophyllic resis-
tance, argue that this mesophyllic resistance is atmospherically irrelevant. I also report sub-
stantial nighttime stomatal opening during these laboratory measurements–a phenomenon
not currently considered in atmospheric models, which I show may have a substantial impact
on the fate and lifetime of NOx at night. I conclude there is a considerable degree of inter-
species variability in stomatal opening, and consequently on NO2 deposition, which would
have meaningful regional ramifications for the NOx cycle.

In Chapter 5 I conclude with a discussion of the implications of the results presented
in these works on regional and global budgets of NOx and recommend areas for future
investigation.
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Chapter 2

Measurements of NO and NO2
exchange between the atmosphere
and Quercus agrifolia

Adapted from E. R. Delaria et al., Measurements of NO and NO2 exchange between the atmo-
sphere and Quercus agrifolia, Atmos. Chem. Phys., 18, 14161—14173, https://doi.org/10.5194/acp-
18-14161-2018, 2018.

2.1 Introduction

Nitrogen oxides (NOx ≡ NO+NO2) are a group of highly reactive trace gases that control the
oxidative capacity of the atmosphere by regulating the amounts of ozone, hydroxyl radicals,
volatile organic compounds, and other key atmospheric species (Crutzen, 1979). NOx is also
directly toxic in high concentrations, plays a major role in tropospheric ozone production,
and serves as a source of NO−3 , a key nutrient for ecosystems and a component of acid
rain. NOx is primarily emitted as nitric oxide (NO) through fossil fuel combustion, biomass
burning, lightning, and microbial activity in soils (Seinfeld and Pandis, 2006). NO is rapidly
oxidized to nitrogen dioxide (NO2) through reactions with ozone and peroxy radicals, and
in the daytime NO2 subsequently photolyzes to re-form NO. The interconversion of NO
and NO2 reaches steady state within a few minutes during the daytime (Crutzen, 1979).
The effects of NOx on urban chemistry, where anthropogenic emissions dominate the NOx

source, have been extensively studied. However, the processes affecting NOx in forested and
agricultural regions are less well understood.

In forests and agricultural lands, the major source of NOx is NO emitted as a by-product
of microbial denitrification and nitrification (McKenney et al., 1982; Caranto and Lancaster,
2017). Deposition of NO2 to plant canopies is thought to be an important sink of NOx in
forests, substantially reducing the contribution of soil-emitted NOx to the atmospheric NOx

budget. Jacob and Wofsy (1990) observed low NOx above the canopy over the Amazon forest
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during the wet season. Using a 1-D chemical and transport model constrained by observed
NOx and ozone, they concluded that a substantial fraction of soil NOx must be absorbed by
the canopy. Extrapolation of these ideas to forests with different leaf area indices suggest
that 20%—50% of the global fraction of soil-emitted NOx is lost to vegetation (Yienger
and Levy, 1995; Lerdau et al., 2000). Using the framework of Jacob and Wofsy (1990) and
Yienger and Levy (1995), global atmospheric models have been tuned to describe observed
atmospheric NOx concentrations and tropospheric ozone production using a canopy reduction
factor (CRF). The CRF is an adjustable parameter that accounts for the difference between
soil NO emissions and the amount of NOx ventilated through the canopy (Yienger and Levy,
1995; Vinken et al., 2014). However, CRFs are implemented in an unphysical manner where
they act only on soil NOx emissions and not on other NOx present in the plant canopy. An
improved understanding is needed of the physical and biochemical processes governing the
foliar uptake of NOx at the ecosystem and leaf scales.

Many studies have also directly observed the leaf-level uptake of NO2 (Neubert et al.,
1993; Rondón and Granat, 1994; Hereid and Monson, 2001; Sparks et al., 2001; Teklem-
mariam and Sparks, 2006; Pape et al., 2009; Chaparro-Suarez et al., 2011; Breuninger et al.,
2013). Isotope labeling experiments investigating the mechanism of NO2 uptake have demon-
strated that atmospheric NO2 can be absorbed through the stomata of plant leaves, con-
verted to nitrate (NO−3 ) and nitrite (NO−2 ), and eventually assimilated into amino acids
(Rogers et al., 1979; Okano and Totsuka, 1986; Nussbaum et al., 1993; Weber et al., 2006;
Yoneyama et al., 2003). The mechanism of NO2 assimilation is diffusion into the stomata
followed by dissolution into the aqueous phase and disproportionation to NO−3 and NO−2
in the apoplasm (Lee and Schwartz, 1981). NO2 can also be transformed to nitrate and
nitrite through scavenging by antioxidants, most notably ascorbate (Ramge et al., 1993).
The influence of ascorbate on foliar uptake was theoretically calculated by Ramge et al.
(1993) and experimentally demonstrated by Teklemmariam and Sparks (2006). The enzyme
nitrate reductase converts NO−3 to NO−2 in the cytosol, and NO−2 is then transported into the
plastids where it is further reduced by the enzyme nitrite reductase to ammonium (NH+

4 ),
the product required for amino acid synthesis (Ammann et al., 1995; Tischner, 2000; Tek-
lemmariam and Sparks, 2006). Alternatively, NO2 can deposit directly onto the leaf cuticles
or a leaf-surface water film (Burkhardt and Eiden, 1994). However, foliar uptake of NO2 has
been demonstrated to be controlled primarily by the stomata, with deposition to the leaf
surface representing only a small fraction of the total NO2 flux (Thoene et al., 1991; Gessler
et al., 2000; Chaparro-Suarez et al., 2011). Strong correlations have been observed among
NO2 concentrations, stomatal conductances, and the NO2 deposition flux, suggesting foliar
uptake is mainly controlled by stomatal aperture and internal leaf resistances (Johansson,
1987; Thoene et al., 1991; Rondón et al., 1993; Otter et al., 1999; Chaparro-Suarez et al.,
2011; Breuninger et al., 2013).

Despite the large existing body of research on the leaf-level deposition of NO2 to vegeta-
tion, there are still discrepancies present in NO2 exchange rates and the role of mesophilic
processes. Many laboratory experiments have failed to measure uptake rates necessary to
describe the observed 20%—50% reduction of soil-emitted NOx (Hanson and Lindberg, 1991;
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Breuninger et al., 2013), despite the many modeling studies that have suggested dry depo-
sition makes up most of this reduction (Jacob and Wofsy, 1990; Yienger and Levy, 1995;
Ganzeveld et al., 2002b; Geddes and Murphy, 2014). Photolysis gradients and reaction of
NOx to form higher nitrogen oxides could account for a large fraction of this reduction in soil
NOx, as has been suggested by Min et al. (2012, 2014), but the relative importance of dry
deposition processes versus in-canopy chemical transformations is still a matter of consider-
able uncertainty (Lerdau et al., 2000; Ganzeveld et al., 2002a). Another controversy is the
existence of a compensation point – a concentration below which leaves would instead act as
a source of NOx. Compensation points of 0.1—3.2 ppb NO2 have been observed in a number
of laboratory chamber studies, suggesting trees instead may serve as a large source of NOx

in forests (Johansson, 1987; Rondón et al., 1993; Hereid and Monson, 2001; Sparks et al.,
2001; Teklemmariam and Sparks, 2006). Emission of NO at these low NOx mixing ratios has
also been detected in laboratory chamber studies (Wildt et al., 1997; Hereid and Monson,
2001). More recent laboratory studies of leaf level deposition have, however, questioned the
existence of a compensation point (Chaparro-Suarez et al., 2011; Breuninger et al., 2013).
Most observations of NOx canopy fluxes and atmospheric models predict or assume substan-
tial NOx deposition at concentrations as low as 0.1 ppb, typical of NOx mixing ratios in
remote areas (Jacob and Wofsy, 1990; Wang and Leuning, 1998; Lerdau et al., 2000; Sparks
et al., 2001; Wolfe et al., 2011; Min et al., 2012; Geddes and Murphy, 2014). However, some
modeling studies have suggested that an NO2 compensation point is necessary to describe
(Seok et al., 2013) or has only a small effect on canopy fluxes in most regions (Ganzeveld
et al., 2002a). More research is thus needed on leaf and canopy-level processes to understand
the full complexity of the soil–canopy–atmosphere system.

2.2 Materials and methods

Quercus agrifolia samples

NOx uptake by Quercus agrifolia (coastal live oak) was investigated in the laboratory. Three
Quercus agrifolia individuals were purchased from a local native California plant nursery
(Native Here Nursery), where the plants were grown from seeds and cuttings collected in
Contra Costa County. The tree specimens were grown in a nutrient-rich commercial soil
mixture (a mixture of orchard potting soil and EB stone cactus mix) at the Jane Grey
Research Greenhouse at the University of California, Berkeley. The trees were 2—3 years
old when measurements were taken.

Laser-induced fluorescence detection

NO2 was measured using LIF. A blue diode laser (Z-Laser ZM18H3) centered at a wavelength
of 405 nm was focused into each detection cell and made 20 passes in White multipass optical
configuration (Fig. 2.2b) (Thornton et al., 2000; Fuchs et al., 2009). Upon absorption of a
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Figure 2.1: Species distribution map of Quercus agrifolia. Each dot represents an obser-
vation of Q. agrifolia occurrence. Data provided by the participants of the Consortium of
California Herbaria.

visible photon, NO2 undergoes a transition from the 2A1 ground to the 2B2 excited electronic
state. The excited NO2 molecule is either quenched by collision or emits a red-shifted photon
as it relaxes back to ground state (e.g. Thornton et al., 2000). These emitted photons were
detected using a red-sensitive photomultiplier tube (PMT) (Hamamatsu H7421-50). To
minimize collisional quenching, each detection cell was maintained at a pressure of around 0.4
kPa. Excitation at 405 nm was chosen because it is near the region of maximum absorption
in the NO2 spectrum and is not subject to interferences from absorption by water vapor or
O3 (Matsumoto and Kajii, 2003).

Calibrations were performed every hour by diluting NO (4.97 ppm ± 5%, Praxair) and
NO2 standard gases (5.08 ppm ± 5%, Praxair) to 1—10ppb in humidified (RH ∼ 60%) zero
air. The limit of detection (LOD) for the detection cells is described as follows:

LOD =
S/N

m

√
2b

t
(2.1)

where m is the slope of the calibration curve constructed from standard dilutions, b is the
PMT signal at 0 ppb NO or NO2, S/N is the desired signal-to-noise ratio, and t is the time of
signal averaging. At a S/N of 2 and signal averaging over 5 min, the LOD for detection cells
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Figure 2.2: Schematic of the experimental dynamic chamber (a) and laser-induced fluores-
cence detection (b) setups.

1—4 was 15, 4, 10, and 30 ppt, respectively. NO2 in the incoming and outgoing airstreams
was measured simultaneously in the first two detection cells. In the second two detection
cells, NO was quantitatively converted to NO2 in the presence of excess ozone, allowing for
detection of total NOx (Fig. 2.2a). Ozone was produced using an ozone generator (Jelight
600), and flow rates of ozone delivered were adjusted to achieve unity conversion of NO to
NO2.

Dynamic chamber system

The NOx flux measurements were performed with a dynamic branch enclosure system, con-
sisting of a thin transparent double-walled Teflon film (FEP) bag (American Durafilm),
which transmits 90% of photosynthetically active radiation. The chamber was illuminated
by an LED diode array of 430—-475 and 620—-670 nm lights (Apollo Horticulture). This
light source was selected because it does not emit wavelengths below 420 nm, where NO2

dissociates, preventing loss of NO2 to photodissociation and resultant photochemistry. In
order to ensure turbulent mixing and minimal aerodynamic and boundary layer resistances,
a Teflon-coated fan was installed inside the inner chamber (Otter et al., 1999; Pape et al.,
2009; Breuninger et al., 2013).

Before experiments with Quercus agrifolia individuals, the deposition to an empty cham-
ber was measured and background subtracted from subsequent branch measurements. The
measured loss of NO2 to chamber walls was 5% of the NO2 mixing ratio flowing into the
chamber. This corresponded to a maximum loss of 0.4 ppb at 8 ppb NO2 and minimum
loss of 0.05 ppb at 1 ppb NO2. Emission of less than 0.05 ppb NO2 from the Teflon walls
was also observed when chamber lights were turned on with 0 ppb NO2 flowing through the
system. It is likely that the chamber walls buffer uptake of NO2, but this is a minor effect,



CHAPTER 2. MEASUREMENTS OF NO AND NO2 EXCHANGE BETWEEN THE
ATMOSPHERE AND QUERCUS AGRIFOLIA 20

as the wall emission observed was a tiny fraction of the measured fluxes.
During measurements, the enclosed branch was exposed to known amounts of either NO2

or NO mixed with zero air. The inner chamber had an inner diameter of 20 cm, a length of
40 cm, and a total volume of 13 L (American Durafilm 200A Teflon FEP). Flow rates into
the inner chamber (Q) during experiments were typically 5 L min−1, creating a residence
time in the chamber of 3 min. The outer chamber had an inner diameter of 30 cm and a
length of 55 cm (American Durafilm 500C20 Teflon FEP). Zero air at a flow rate of 3 L min−1

constantly fumigated the outer bag, serving as a buffer region to ensure the laboratory air,
with high mixing ratios of NOx, did not diffuse into the bag enclosing the branch.

The photosynthetic photon flux density (PPFD) was monitored outside the chamber with
a LiCor quantum sensor (LiCor LI-190SA). The flux density measured above the chamber
was 1190 µmol m−2 s−1, approximately the PPFD for Berkeley, California, at noon during the
month of October. This is well above the photon flux required to achieve maximal stomatal
aperture for broadleaf evergreen trees (von Caemmerer and Farquhar, 1981; Chaparro-Suarez
et al., 2011; Breuninger et al., 2013). We confirmed this assumption by covering the lights
with a filter to reduce the intensity by 40% and monitoring CO2 and H2O exchange. No
reduction in the exchange rates of these gases were observed. The relative humidity of air
entering the chamber was maintained at 50%—65% in all experiments by flowing zero air
through a bubbler before mixing with NOx. Measurements of NOx exchange fluxes occurred
under a light/dark cycle with a photoperiod of 12 h and a temperature of 26/22 ± 2 ◦C.
No change in NOx uptake was observed when heating the chamber with the lights off or
cooling the chamber with the lights on. We therefore expect no significant temperature
effects caused by the 4 ◦C difference in temperature between light and dark periods. We
also observed a relative humidity increase in the delivered air of about 2% with the lights
off, but do not expect this increase to produce any significant changes in NOx deposition or
plant physiology (von Caemmerer and Farquhar, 1981; Chaparro-Suarez et al., 2011).

Exchange of CO2 and H2O with the leaves were monitored with a LiCor-6262 H2O/CO2

analyzer operating in differential mode. Flows of 0.1 L min−1 of air entering and exiting
the chamber were diverted to the LiCor analyzer to measure the CO2 assimilation and
transpiration rates. To measure the CO2 content and relative humidity of air delivered to
the chamber, 0.5 L min−1 of the humidified zero air/NOx mixture was diverted to a second
external 1.5 L cuvette. The temperature and relative humidity of air entering the chamber
were measured with a temperature and relative humidity module in the external cuvette (TE
Connectivity HTM2500LF). The CO2 mixing ratios in the external chamber were monitored
with a Vaisala CarboCap GMP343 sensor.

NOx flux densities

The leaf-level exchange flux of NO or NO2 (FNOx) was calculated according to Eq. (2.2):

FNOx =
Q · (C0 − Ci)

A
(2.2)
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where Q is the flow rate (m3 s−1), A is the enclosed leaf area (m2), C0 is the concentration
leaving the chamber, and Ci is the concentration entering the chamber (nmol m−3). The
calculated flux is related to a deposition velocity (V dNOx) by Eq. (2.3):

FNOx = −V dNOx · (C0 + Ccomp) (2.3)

where Ccomp is the compensation point, the concentration of NO2 below which the tree
would instead act as a source of NOx. The deposition velocities were calculated through
weighted least-square regression of calculated fluxes and outlet NOx concentrations (C0).
The absolute value of the slope of the regression line was equal to the deposition velocity,
with the x-intercept representing the compensation point concentration. The precision error
in the NOx exchange flux (σF ) was calculated through propagation of the uncertainties in
the inlet (σCi

) and outlet (σC0) concentrations (Eq. 2.4).

σF =
Q

A

√
σ2
Ci

+ σ2
C0

(2.4)

σCi
and σC0 were estimated as the larger of the errors in the calibration slopes and the

standard deviation of the 5 min signal average. From observations in daily deviations of the
flow rate and uncertainty in measured leaf area using the ImageJ software (Schneider et al.,
2012), we estimate the uncertainty in Q/A to be a maximum of 0.005 cm s−1. This usually
was only a minor contribution to the total error in the NOx exchange flux.

The calculated deposition velocity was used to find the total resistance to deposition, R,
via Eq. (2.5).

V dNO2 =
1

R
(2.5)

The total resistance is described by the canopy stomatal resistance model (Baldocchi et al.,
1987) and defined in Eqs. (2.6—2.7).

R = Ra +Rb +Rleaf (2.6)

Rleaf +

(
1

Rcut

+
1

Rst +Rm

)−1
(2.7)

where Rleaf is the total leaf resistance and Ra, Rb, Rcut, Rst, and Rm are the aerodynamic,
boundary layer, cuticular, stomatal, and mesophilic resistances, respectively. The aerody-
namic resistance is characterized by the micrometeorology above a surface and is dependent
upon the wind speed and turbulence of air flow. The boundary layer resistance describes
the diffusion of a molecule through a shallow boundary of air above a surface and is de-
pendent on microscopic surface properties, diffusivity of the gas species, wind speed, and
turbulence of air flow (Baldocchi et al., 1987). Rcut, Rst, and Rm are the resistances asso-
ciated with deposition to the leaf cuticles or through the stomata, and are dependent upon
plant physiology.

The chamber fan, installed to create turbulent mixing, allowed for the assumption that
Ra was negligible (Pape et al., 2009; Breuninger et al., 2012). Rb is chamber-specific, and
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has typically not been measured in previous chamber experiments of NO2 leaf-level deposi-
tion (Chaparro-Suarez et al., 2011; Breuninger et al., 2012, 2013). Rb was experimentally
measured in this study by placing a tray of activated carbon into the chamber (assumed
to have zero surface resistance to deposition of NO2) and calculating the deposition flux of
NO2. The leaf components to the total deposition resistance were determined through dark
and light experiments. During dark experiments, the stomata were closed (confirmed with
measurements of CO2 and H2O exchange), and the deposition observed was assumed to be
entirely driven by deposition to the cuticles.

2.3 Results

Determination of the boundary resistance Rb

To estimate the chamber boundary layer resistance and test the assumption that Rb � Rleaf ,
a dish of activated carbon, which theoretically has zero chemical resistance to deposition of
NO2, was placed inside the chamber. The boundary layer resistance was considered to be
the only component of the total resistance to deposition. The deposition velocity of NO2 to
activated carbon was measured as 0.52 ± 0.06 cm s−1, corresponding to a boundary layer
resistance to NO2 deposition of 1.94 ± 0.02 s cm−1 (Fig. 2.3). This boundary resistance
is approximately double what was measured by Pape et al. (2009)–a reasonable difference
given differences in chamber design (Fig. 2.2). The Rb for NO2 was scaled with the ratio of
diffusivities of NO2 and NO in air to obtain the resistance to deposition of NO of 2.59±0.03 s
cm−1. However, with a branch enclosed inside the chamber, the effective boundary resistance
to deposition will likely be reduced, as the surface roughness and surface area for deposition
is increased (Galbally and Roy, 1980; Pape et al., 2009). The boundary resistances presented
above thus serve as an upper limit for Rb with vegetation inside the chamber.

The boundary resistance was also estimated in an additional experiment (not shown) in
which a de-ionized water-soaked Whatman no. 1 filter paper was placed inside the chamber
and the evaporation of water vapor into the chamber filled with dry zero air was measured.
The emission flux of water vapor from the filter paper was calculated in a similar manner to
that of NOx deposition flux (Eq. 2.2). The conductance to water vapor was then calculated
via

Q · (PH2O)

A
= gw(Psat − PH2O) (2.8)

where PH2O is the partial pressure of water vapor inside the chamber, Psat is the saturation
vapor pressure at the temperature in the chamber, and gw is the conductance to water vapor.
The measured conductance to water vapor was scaled with the ratio of diffusivities of NO2

to water vapor (DNO2/DH2O) and inverted to find the NO2 boundary layer resistance:

Rb =
DNO2

DH2O

1

gw
(2.9)
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Figure 2.3: Flux to a 5.1 cm diameter dish filled with activated charcoal. The chemical sur-
face resistance to deposition is approximately zero, so the deposition velocity for deposition
of NO2 to the surface of the charcoal dish is the reciprocal of the boundary layer resistance.
The line of best fit is (0.51±0.032)C0, where C0 is the concentration of NO2 in the outgoing
airstream.

The boundary resistance to NO2 deposition by this method was found to be 2 s cm−1,
essentially identical to the measurement on the activated-carbon.

NOx deposition velocity and compensation point concentration

The deposition velocities and compensation points were respectively calculated as the slope
and x-axis intercept of the regression line between NOx exchange flux and chamber NOx con-
centrations (Fig. 2.4). The detection limit was the dominant source of error in the estimation
of the NO exchange flux and compensation point. The large relative uncertainties in NO
flux measurements were caused by the much slower deposition of NO compared with that of
NO2, inhibiting our ability to observe the very small changes between the NO concentration
in the chamber and the incoming airstream (Fig. 2.4). Additional uncertainty in NO2 flux
measurements because of enhanced water vapor quenching of excited-state NO2 should be
minimal, as calibrations and measurements were performed at equivalent relative humidities.
However, transpiration of the enclosed leaves caused the absolute humidity within chamber
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to be enhanced by 0.3%–0.5% relative to the incoming airstream. We expect this to result
in a maximum error in calculated NO2 mixing ratios of 1%—1.75% (Thornton et al., 2000),
resulting in maximum errors in the calculated fluxes and deposition velocities of 2% and 4%,
respectively. This 4% error in the calculated deposition velocity during lights-on experiments
is less that the uncertainty of the linear fit (Fig. 2.4). Correlation coefficients, deposition
velocities, compensation points, and statistical testing of the compensation point for NO2

and NO deposition are shown in Table 2.1 and Table 2.2, respectively, and were calculated
according to Breuninger et al. (2013). For NO2 experiments, only one dark and one light
experiment with Quercus agrifolia 1 were found to have statistically significant (α = 0.05)
nonzero intersections with the x-axis (Table 2.1). The range of Ccomp measured was -0.02 to
0.300 ppb NO2, with probabilities of Ccomp = 0 ranging from 10.3% to 91.6% (excluding
the two Quercus agrifolia 1 experiments) (Table 2.1). Conversely, all three Quercus agrifolia
individuals during all dark and light NO deposition experiments demonstrated compensation
points significantly above zero, ranging from 0.74 to 3.8 ppb NO. The average compensation
point was calculated as 0.84 ± 0.32 ppb NO during light experiments and 2.4 ± 1.1 ppb NO
during dark experiments (Table 2.2).

Correlation coefficients, deposition velocities, compensation points, and statistical testing
of the compensation point for NO2 and NO deposition are shown in Table 2.1 and Table
2.2, respectively, and were calculated according to Breuninger et al. (2013). For NO2 ex-
periments, only one dark and one light experiment with Quercus agrifolia 1 were found to
have statistically significant (α = 0.05) nonzero intersections with the x axis (Table 2.1).
The range of Ccomp measured was -0.02 to 0.300 ppb NO2, with probabilities of Ccomp=0
ranging from 10.3% to 91.6% (excluding the two Quercus agrifolia 1 experiments) (Table
2.1). Conversely, all three Quercus agrifolia individuals during all dark and light NO depo-
sition experiments demonstrated compensation points significantly above zero, ranging from
0.74 to 3.8 ppb NO. The average compensation point was calculated as 0.84 ± 0.32 ppb NO
during light experiments and 2.4 ± 1.1 ppb NO during dark experiments (Table 2.2).

Student’s t tests (not shown) demonstrated that deposition velocities and compensa-
tion points measured during NO and NO2 lights-on and lights-off experiments were not
significantly different (to the α=0.05 confidence level) between different Quercus agrifolia
individuals. Deposition velocities for NO2 light experiments were between 0.08 and 0.18 cm
s−1, with a deposition of 0.123 ± 0.009 cm s−1 calculated from the regression of all light
experiments. Dark experiments resulted in deposition velocities between 0.013 and 0.022 cm
s−1, with a deposition velocity of 0.015 ± 0.001 cm s−1 calculated from the regression of all
dark experiments (Table 2.1). NO demonstrated much slower deposition, with deposition
velocities from all light and dark experiments calculated as 0.012 ± 0.002 and 0.005 ± 0.002
cm s−1, respectively (Table 2.2). Despite the large compensation point measured for NO,
the leaf emission fluxes of NO were a maximum of only 8 pmol m−2 s−1 at 0.1 ppb NO,
approximately half of the deposition flux measured for NO2 at 0.1 ppb (Fig. 2.4). At typ-
ical NO2/NO ratios and gradients measured in forest canopies, the leaf-level NO2 and NO
exchange fluxes measured make dry stomatal deposition to Quercus agrifolia a net sink of
NOx within the canopy.
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Figure 2.4: NO2 (a) and NO (b) fluxes versus the outlet concentrations for all Quercus
agrifolia individuals with the chamber lights on (green) and off (blue). The line of best fit
is shown in red and was calculated to minimize the weighted residuals in both the x- and y-
axes. The blue dotted lines show where flux and C0 are zero. A significantly positive (α =
0.5) x-intercept occurs for NO, but not NO2 experiments.
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Table 2.1: Parameters of NO2 bivariate linear least-square fitting regression analysis.

Run N R2 [NO2]comp P([NO2]comp=0) Vdep

(ppb) (%) (cm s−1)
Q. agrifolia 1, light

1 13 0.979 0.056 ± 0.013 42.7 0.10 ± 0.013
2 13 0.95 0.046 ± 0.19 63.7 0.12 ± 0.023
3 16 0.978 0.099 ± 0.086 3.87 0.15 ± 0.016
4 16 0.958 0.077 ± 0.14 28.7 0.12 ± 0.021

All 58 0.927 0.080 ± 0.10 11.6 0.12 ± 0.012
Q. agrifolia 2, light

1 16 0.963 0.10 ± 0.12 10.3 0.08 ± 0.011
2 5 0.969 -0.01 ± 0.96 83.8 0.12 ± 0.014
3 9 0.997 0.023 ± 0.032 20.3 0.16 ± 0.011
4 16 0.974 -0.019 ± 0.074 61.9 0.14 ± 0.017
5 15 0.979 0.015 ± 0.082 72.7 0.12 ± 0.014

All 61 0.845 -0.0077 ± 0.091 91.6 0.11 ± 0.014
Q. agrifolia 3, light

1 11 0.969 0.016 ± 0.18 87.4 0.12 ± 0.024
2 15 0.961 0.074 ± 0.16 39.1 0.18 ± 0.029
3 5 0.99 0.30 ± 0.20 5.9 0.12 ± 0.038

All 31 0.83 0.019 ± 0.064 77.6 0.14 ± 0.029
All Q. agrifolia, light 150 0.885 0.030 ± 0.072 41.3 0.123 ± 0.0092
Q. agrifolia 1, dark

1 16 0.964 0.056 ± 0.14 0.9∗ 0.022 ± 0.0034
Q. agrifolia 2, dark

1 16 0.858 -0.16 ± 0.47 50.8 0.016 ± 0.0050
2 12 0.932 -0.34 ± 0.40 11.8 0.013 ± 0.0038

All 28 0.853 -0.24 ± 0.32 15.6 0.015 ± 0.0030
Q. agrifolia 3, dark

1 14 0.9 -0.30 ± 0.48 24.1 0.015 ± 0.0042
2 11 0.909 -0.001 ± 0.69 36.7 0.015 ± 0.0057

All 25 0.898 -0.22 ± 0.38 25.3 0.014 ± 0.0029
All Q. agrifolia, dark 69 0.881 -0.16 ± 0.24 12.2 0.015 ± 0.0018

∗Significant nonzero compensation point.
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Table 2.2: Parameters of NO bivariate linear least-square fitting regression analysis.

Run N R2 [NO2]comp P([NO2]comp=0) Vdep

(ppb)
Q. agrifolia 1

Light 17 0.874 0.74 ± 0.65 3.5∗ 0.011 ± 0.0032
Dark 13 0.699 3.8 ± 2.2 0.52∗ 0.0040 ± 0.0025

Q. agrifolia 2
Light 14 0.954 0.76 ± 0.49 0.92∗ 0.013 ± 0.0027
Dark 10 0.866 1.7 ± 1.0 1.1∗ 0.0046 ± 0.0018

Q. agrifolia 3
Light 12 0.936 1.3 ± 0.60 0.17∗ 0.0123 ± 0.0029
Dark 15 0.803 2.0 ± 1.0 2.5∗ 0.0074 ± 0.0033

All Q. agrifolia
Light 13 0.908 0.84 ± 0.32 <0.01∗ 0.012 ± 0.0015
Dark 13 0.602 2.4 ± 1.1 <0.01∗ 0.0050 ± 0.0016

∗Significant nonzero compensation point.

Resistances to leaf-level NOx deposition

The deposition velocity measured from linear regression of NOx exchange fluxes and NOx

chamber concentrations is the inverse of the total resistance to deposition (Eq. 2.6), with
Ra assumed to be zero. The total resistance in the chamber is thus

R = Rb +

(
1

Rcut

+
1

R∗s

)−1
(2.10)

where R∗s is the sum of Rm and Rst. The leaf resistance to deposition can then be found by
subtracting the boundary layer resistance from the total resistance. Total leaf resistances,
Rleaf , were calculated using the boundary layer resistances for NO2 and NO of 1.94 ± 0.02
and 2.59 ± 0.03 s cm−1, respectively. During the dark experiments, Rleaf is equal to Rcut, and
the deposition velocity measured was estimated as the inverse of the sum of the boundary
and cuticular resistances. After calculation of Rcut from dark experiments, the sum of the
stomatal and mesophilic contributions (R∗s) to the total leaf resistance was determined. Rb,
Rcut, and R∗s are shown in Table 2.3. It should be noted that since the reported Rb is the
maximum possible boundary resistance, the reported Rcut and R∗s are lower limits. If we
were to assume the chamber boundary resistance with the branch enclosed is insignificant
(∼0 s cm−1), this would introduce maximum systematic 30% and 3% errors to the calculated
NO2, R

∗
s and Rcut, respectively (giving an R∗s of 9.2 ± 0.9 s cm−1 and an Rcut of 67 ± 8 s

cm−1). The errors in the calculated NO resistances would be negligible.
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Table 2.3: Summary of deposition resistance parameters of Quercus agrifolia.

Gas Rb Rcut R∗s
(s cm−1) (s cm−1) (s cm−1)

NO2 1.94 ± 0.02 65 ± 8 6.9 ± 0.9
NO 2.59 ± 0.03 200 ± 60 140 ± 40

It is possible that the stomata were not entirely closed during dark experiments. Evidence
exists that nocturnal stomatal conductance can be large enough to allow for transpiration
(Dawson et al., 2007), and low (within the range of uncertainty observed for the LICOR-
6262) emission of water vapor during dark experiments was measured. However, even if
all the deposition during dark experiments was stomatal, this would cause only a 0.5 s
cm−1 reduction in the calculated R∗s for NO2–less than the uncertainty from the error in the
measured deposition velocity (∼10% error). The cuticular resistances reported here during
dark experiments are nonetheless atmospherically relevant to nighttime NOx deposition.

2.4 Discussion

NOx deposition velocities and compensation points

The strong linear dependence between NO2 fluxes and NO2 chamber concentrations that
we observe is consistent with previous observations that NO2 exchange is largely driven
by NO2 concentration differences between the atmosphere and gaseous phase of the leaf
(Rondón and Granat, 1994; Gessler et al., 2000; Hereid and Monson, 2001; Sparks et al.,
2001; Teklemmariam and Sparks, 2006; Pape et al., 2009; Chaparro-Suarez et al., 2011;
Breuninger et al., 2012). Our measurements of NO2 stomatal resistance parameters for
Quercus agrifolia represent a stomatal deposition velocity (1/R∗s) of 0.14 ± 0.02 cm s−1.
This value is similar to the range of 0.1—0.15 cm s−1 that Chaparro-Suarez et al. (2011)
found for two European oak tree species, Quercus robur and Quercus ilex. The deposition
velocity measured here for Quercus agrifolia is also much larger than 0.007—0.042 cm s−1

range found for Norway spruce (Picea abies) by Breuninger et al. (2012), but surprisingly
comparable, given the differences in plant species, to the 0.12 cm s−1 deposition velocity
found for maize (Zea mays) by Hereid and Monson (2001). We also find here an NO2 flux at
5 ppb of 0.2 nmol m−2 s−1, similar in magnitude to the 0.1, 0.15—1.5, and 0.18 nmol m−2 s−1

fluxes measured for Fagus sylvatica (Gessler et al., 2000), tropical Panamanian native trees
(Sparks et al., 2001), and periwinkle (Catharanthus roseus) (Teklemmariam and Sparks,
2006), respectively.

Resistance parameters reported above for NO deposition to Quercus agrifolia represent
a stomatal deposition velocity of 0.007 ± 0.002 cm s−1 and cuticular deposition velocity
of 0.005 ± 0.001 cm s−1. This observation of very minor NO uptake–at least an order
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of magnitude less than that of NO2 uptake–is also consistent with previous observations
(Hanson and Lindberg, 1991; Hereid and Monson, 2001; Teklemmariam and Sparks, 2006).
We also detected a statistically significant NO compensation point, with low emissions up
to 8 pmol m−2 s−1 observed below 1 ppb. These observations are similar to the 8—14 pmol
m−2 s−1 emission fluxes of NO reported by Hereid and Monson (2001) and Teklemariam and
Sparks (2006) at low NOx concentrations.

No significant NO2 compensation point was found for our measurements of Quercus agri-
folia NOx uptake. Many previous studies have reported NO2 compensation points, ranging
from 0.1 to 3.0 ppb, implicating trees as a constant source of NOx in forest ecosystems
(Gessler et al., 2000; Hereid and Monson, 2001; Sparks et al., 2001; Teklemmariam and
Sparks, 2006). Our findings of a lack of NO2 compensation point support field observations
and modeling studies that have recognized NO2 dry deposition to vegetation as an important
NOx loss process in forests (Jacob and Wofsy, 1990; Ganzeveld et al., 2002b; Geddes and
Murphy, 2014). Our results also support the works of Chaparro-Suarez et al. (2011) and
Breuninger et al. (2013), who did not find evidence of an NO2 compensation point.

The primary difference in our experimental setup, compared to previous dynamic cham-
ber studies that have found an NO2 compensation point, is the use of a direct NO2 mea-
surement technique. Measurements of a significant NO2 compensation point have mostly
been obtained using techniques requiring conversion of NO2, followed by chemiluminescence
detection of NO (Gessler et al., 2000; Hereid and Monson, 2001; Sparks et al., 2001; Tek-
lemmariam and Sparks, 2006). Such methods have utilized either nonspecific photolytic
(Gessler et al., 2000; Hereid and Monson, 2001), luminol (Sparks et al., 2001), or catalytic
conversion (Teklemmariam and Sparks, 2006) techniques, which may have also resulted in
the conversion of PAN, HONO, HNO3, and other organic nitrates, as well as interferences
from alkene + ozone reactions (Carter et al., 2005; Reed et al., 2016). If any of these in-
terfering compounds are not excluded from the chamber system, outgas from the chamber
itself, or form from reactions of biogenic emissions, this would cause an enhancement in the
observed NO2 compensation point, and a suppression of observed deposition velocity. Our
measurements of NO2 mixing ratios also demonstrate a much higher degree of precision,
due largely to a lower detection limit, than comparable experiments with specific photolytic
conversion and chemiluminescence measurement of NO2 (Chaparro-Suarez et al., 2011; Bre-
uninger et al., 2012, 2013). Additionally, previous chamber measurements have sometimes
employed chamber setups that would let in a substantial amount of UV light, yet did not
exclude photochemical reactions between NO2, NO, and O3. Such corrections are excluded
here because of our use of chamber lights with only wavelengths above 420 nm. To avoid this
issue, other experiments have instead involved a setup including a simultaneously measured
blank chamber, which would theoretically allow for correction for any reactions resulting
from photolysis of NO2, O2, or O3 (Gessler et al., 2000; Hereid and Monson, 2001). Such
corrections might be complicated by secondary chemistry not present in our experiments.
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Implication for canopy NOx loss

Resistance parameters reported above (Table 2.3) were used in a 1-D seven-layer multibox
model representing chemical reactions, vertical transport, and leaf-level processes scaled to
the canopy level to assess the impacts of NOx deposition velocities on the NOx lifetime and
fluxes. The model is constructed in a manner similar to Wolfe et al. (2011) with the following
modifications: the model domain consists of seven well-mixed vertical layers extending to a
planetary boundary layer height of 1000 m, with the forest canopy represented by the first
three layers; NOx cuticular and stomatal resistances are adjustable input parameters; and
the chemistry implemented in the model is the simplified reaction mechanism presented in
Browne and Cohen (2012). The 1-D model was run for meteorological conditions representing
the native habitat of Quercus agrifolia and two different leaf area indices (LAIs), approxi-
mately representing the lower and upper limits of LAIs found in California oak woodlands.
As shown in Fig. 2.5a and b, the model predicts NOx deposition to Q. agrifolia accounts
for 3%—7% of the total NOx loss within the boundary layer if the only source of NOx is
emissions from the soil. This represents a total NOx lifetime of 7—7.5 h in the boundary
layer, and a lifetime to deposition of 4—11 days in the boundary layer and 0.5—1.2 h below
the canopy. Under these scenarios approximately 15—30% of soil-emitted NOx is removed
in the canopy (Fig. 2.6)–on the lower end of the range of 25%—80% reduction observed in
field studies (Jacob and Wofsy, 1990; Lerdau et al., 2000; Ganzeveld et al., 2002a; Min et al.,
2014).

The coastal regions of California where Q. agrifolia is found frequently experience much
higher NOx mixing ratios of 10—50 ppb. This is particularly important for oak woodlands
of the San Francisco Bay and Los Angeles areas, where anthropogenic emissions from nearby
urban centers are the majority of the NOx source. To account for this extra NOx source,
additional model runs were performed with an added term accounting for NOx advection
from a more concentrated upwind source (CNOx(adv)), with advection treated as a simple
mixing process:

dCNOx

dt
= −kmix(CNOx − dCNOx(adv)) (2.11)

where kmix=0.3 h−1 and CNOx(adv) is 10 ppb.
In this case, deposition to Q. agrifolia could account for 10—22% of the total NOx loss

in the boundary layer (Fig. 2.5c, d), representing a lifetime to deposition of 5—14 days in
the boundary layer and a total NOx lifetime of 28—33 h. Deposition in this higher NOx

scenario decreased the total NOx lifetime by 3—8 h, compared with a no-deposition case.

2.5 Conclusions

This work constitutes the first measurements of NO2 and NO foliar deposition resistance
parameters for a North American tree species. We report observations of leaf-level resistances
to NO2 and NO deposition, corresponding to total deposition velocities of NO2 and NO
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Figure 2.5: Model predictions of the fraction of NOx loss to alkyl nitrate formation, nitric
acid formation, and deposition in a Q. agrifolia woodland. The model was run using scenarios
with only soil emissions and LAI of 1 m2 m−2 (a), only soil emissions and LAI of 3 m2 m−2

(b), CNOx(adv)=10 ppb and LAI of 1 m2 m−2 (c), and CNOx(adv) = 10 ppb and LAI of 3
m2 m−2 (d).

of 0.123 ± 0.007 and 0.012 ± 0.002 cm s−1 in the light and 0.015 ± 0.001 and 0.005 ±
0.002 cm s−1 in the dark, respectively. No compensation point was observed for NO2, but
compensation points of 0.74—3.8 ppb were recorded for NO. The magnitude of NO emission
below the compensation point was significantly less than the magnitude of NO2 uptake in
the same concentration range, making Q. agrifolia an overall large net sink of NOx. The
observed deposition is large enough to explain canopy reduction factors observed in canopy-
level studies, but is at the lower end of estimated global CRFs. The results of the 1-D
multibox model demonstrate that the deposition observed accounts for 5%—20% of NOx

removal with a NOx lifetime to deposition of 0.5—1.2 h beneath the canopy of a California
oak woodland. We show that foliar deposition of NOx represents a significant removal
mechanism of NOx and can have a large impact on NOx mixing ratios and fluxes in such
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Figure 2.6: 24 h average vertical fluxes of NOx predicted by the 1-D multibox model for a
California oak woodland using the leaf resistances measured in this study. Model runs were
conducted for low (red) and high (blue) LAI cases and for a no-deposition scenario (green).

ecosystems. Further investigations of NO2 deposition to a larger variety of plant species
under a range of environmental conditions are needed to accurately understand the global
impacts of NO2 deposition across diverse ecosystems.
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Chapter 3

A model-based analysis of foliar NOx

deposition

Adapted from Delaria, E. R. and Cohen, R. C.: A model-based analysis of foliar NOx

deposition, Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2019-538, in review,
2019.

3.1 Introduction

The chemistry of nitrogen oxides (NOx ≡ NO + NO2) has a large impact on the oxidative
capacity of the atmosphere and the budget of global surface ozone (Crutzen, 1979). NOx

is primarily removed from the atmosphere by chemical reactions to form nitric acid, alkyl
nitrates, and peroxynitrates, and by dry deposition of NO2 (Crutzen, 1979; Jacob and Wofsy,
1990; Romer et al., 2016). The chemical loss pathways of NOx have been extensively studied,
but the physical loss of NO2 to dry deposition remains much more uncertain. Globally, foliar
deposition of NO2 removes 20—50% of soil-emitted NO (Jacob and Wofsy, 1990; Yienger
and Levy, 1995), and constrains near-surface NOx concentrations and input to ecosystems
(Hardacre et al., 2015). Understanding the processes that control this removal of NOx by the
biosphere is important for predicting anthropogenic surface ozone and understanding flows
in the nitrogen cycle.

Reactive nitrogen oxides also serve as an important nutrient in ecosystems. Exchange
processes cycle nitrogen between the biosphere and atmosphere, influencing the availability
of nitrogen to ecosystems (Townsend et al., 1996; Holland et al., 1997; Galloway et al.,
2004; Holland et al., 2005). Deposition of atmospheric reactive nitrogen species can fertilize
ecosystems with limited nitrogen availability (Ammann et al., 1995; Townsend et al., 1996;
Williams et al., 1996; Holland et al., 1997; Galloway et al., 2004; Teklemmariam and Sparks,
2006). Although nitrogen is often the limiting nutrient for plant growth (Oren et al., 2001;
Galloway et al., 2004), anthropogenic activities have in some cases caused an excess loading
of nitrogen to ecosystems, leading to dehydration, chlorosis, soil acidification, and a decline
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in productivity (Vitousek et al., 1997; Fenn et al., 1998; Galloway et al., 2004).
The current understanding of the exchange of nitrogen oxides between the atmosphere

and biosphere remains incomplete. Despite the importance of dry deposition processes,
they are among the most uncertain and poorly constrained aspects of atmosphere-biosphere
nitrogen exchange and the tropospheric budgets of O3 and NOx (Wild, 2007; Min et al.,
2014; Hardacre et al., 2015). This uncertainty arises from the complex dependence of dry
deposition processes on surface cover, meteorology, seasonal changes in leaf area index (LAI),
species of vegetation, and the chemical species carrying odd-N. Developing a mechanistic
understanding of dry deposition of NO2 has largely depended on inferences from scarce long-
term field observation data and a limited number of laboratory studies on the effects of
environmental factors on deposition at the leaf-level. This understanding is represented by
a deposition velocity, Vd. Many global scale chemical transport models (Wesely, 1989; Jacob
and Wofsy, 1990; Ganzeveld and Lelieveld, 1995; Wang and Leuning, 1998; Ganzeveld et al.,
2002b) parameterize Vd using the resistance in-series approach similar to that developed
by Baldocchi et al. (1987). These treatments are heavily parameterized, leading to a large
degree of uncertainty, many of which (Jacob and Wofsy, 1990; Wesely, 1989) do not account
for the effects of VPD, SWP, CO2 mixing ratio, or other factors known to influence stomatal
conductance (Hardacre et al., 2015). A common approach for modelling canopy uptake of
trace gases is with a one- or two- layer “big-leaf” dry deposition model, in which the forest is
treated as having a characteristic “average” deposition velocity (Hicks et al., 1987; Wesely,
1989; Ganzeveld and Lelieveld, 1995; Wang and Leuning, 1998; Zhang et al., 2002). However,
Ganzeveld et al. (2002a) implemented a multi-layer column model in a global chemistry and
general circulation model GCM-ECHAM (European Centre Hamburg Model) to study the
role of canopy interactions in global atmosphere-biosphere NOx exchange and demonstrated
the importance of considering interactions within the canopy, particularly in pristine forest
sites. More comprehensive treatments of atmosphere-biosphere exchange are thus needed in
global models.

The deposition velocity of NO2 to vegetation is largely regulated by stomatal conductance
(Johansson, 1987; Thoene et al., 1991; Rondón and Granat, 1994; Teklemmariam and Sparks,
2006; Chaparro-Suarez et al., 2011; Breuninger et al., 2012; Delaria et al., 2018), which varies
with tree species, photosynthetically active radiation (PAR), vapor pressure deficit (VPD),
temperature (T), soil water potential (SWP) and seasonality of leaf phenology (Emberson
et al., 2000; Zhang et al., 2003; Altimir et al., 2004; Hardacre et al., 2015; Kavassalis and
Murphy, 2017). NO2 deposition remains even more uncertain than deposition of O3, where
stomatal response has been shown to be the primary regulator of foliar deposition and meso-
phyllic resistance to deposition is negligible. Observations from leaf-level laboratory studies
suggest the deposition of NO2 is also controlled by stomatal aperture (Hanson and Lindberg,
1991; Rondón and Granat, 1994; Hereid and Monson, 2001; Teklemmariam and Sparks, 2006;
Pape et al., 2009; Chaparro-Suarez et al., 2011; Breuninger et al., 2012; Delaria et al., 2018),
however, reactions in the mesophyll may also be important for controlling the deposition
velocity of NO2 (Teklemmariam and Sparks, 2006; Breuninger et al., 2012). A failure to
consider the effects of relevant meteorology on stomatal conductance, as well as our deficient
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understanding of mesophyllic resistances and the diversity of ecosystem responses, severely
limits our ability to understand dry-deposition processes and how they will be affected by
feedbacks from changes in climate, land use, and air pollution. The importance of these
considerations has recently been illustrated by Kavassalis and Murphy (2017), who found a
significant correlation between VPD and ozone loss, and demonstrated that modeling using
VPD-dependent parameterizations of deposition better predicted the correlation they ob-
served. Previous work by Altimir et al. (2004) and Gunderson et al. (2002) have described
the effects of VPD and other environmental parameters on the stomatal conductance to O3

of Pinus sylvestris and Liquidambar styraciflua, respectively. More recent models, like the
DO3SE model for estimating stomatal conductance to predict ozone deposition velocities,
fluxes and damage to plants, incorporate the effects of VPD and SWP on stomatal con-
ductance. No similar model exists for assessing these effects on NOx deposition, although
Ganzeveld et al. (2002a) included the effect of soil moisture availability for evaluating the
role of canopy NOx uptake on canopy NOx fluxes. The DO3SE has successfully been im-
plemented in the European Monitoring and Evaluation Program (EMEP) regional model
(2012). Modelling studies by Büker et al. (2007) and Emberson et al. (2000) have also
demonstrated the success of regional-scale parameterizations using observed relationships
between meteorology and stomatal conductance for application to O3. Such treatments of
VPD and SWP were incorporated into a regional air quality model by Zhang et al. (2002,
2003).

In this study we present a simplified multi-layer atmosphere-biosphere exchange model
and investigate the sensitivity of NOx canopy fluxes, ozone production, NOx vertical profiles,
and NOx lifetimes to different parameterizations of stomatal conductance and deposition ve-
locity. We consider here both the Wesely model and the similarly simplistic approach of
Emberson et al. (2000) that incorporates effects of VPD and SWP. We restrict our consider-
ations to the effects of different stomatal resistance parameterizations on predicted deposition
velocities, as the magnitude of the mesophyllic resistance remains uncertain and is assumed
to be comparatively small in atmospheric models (Zhang et al., 2002). We also restrict
our considerations to NO2 deposition, as NO deposition has been shown to be negligible in
comparison (Delaria et al., 2018). There have been many studies investigating the effects
of dry-deposition parameterizations on deposition velocities—particularly of ozone—and the
abilities of different modeling schemes to reproduce observational data for other molecules
such as NO2, NO, H2O2, HNO3, hydroxy nitrates, alkyl nitrates, peroxyacyl nitrates, etc.
Zhang et al. (1996); Wang et al. (1998); Emberson et al. (2000); Ganzeveld et al. (2002b);
Büker et al. (2007); Wolfe et al. (2011); Hardacre et al. (2015); Nguyen et al. (2015). However,
there has been little evaluation of how changes in dry deposition of NO2 may affect surface
mixing ratios and chemistry of important atmospheric species. Assessing the sensitivity to
NO2 deposition is crucial not only for evaluating the potential impact of uncertainties in
dry-deposition parameterizations for global and regional models, but for understanding how
a changing climate may influence NOx, surface ozone, and the nitrogen cycle.
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Figure 3.1: Planetary boundary dynamics in the 1D multibox model. The model domain
consists of three boxes in the canopy layer, four in the active mixed layer, and one in the
residual mixed layer. The lower five boxes have fixed heights, while the sixth and seventh
boxes evolve throughout the day, in the form of a Gaussian function.

3.2 Model description

We have constructed a simple atmospheric model for investigating the influence of leaf-level
NO2 foliar deposition on canopy scale NOx lifetimes and concentrations. The model consists
of three canopy layers and a total of eight vertical boxes within the planetary boundary layer
(PBL), taken to be 1000 m during the day and 60 m at night (Wolfe and Thornton, 2011;
Wolfe et al., 2011). The increase in PBL height during the day is treated as a Gaussian
function of time with 98% of the integrated area contained between sunrise and sunset, with
the maximum height reached at the time of maximum daily temperature (Fig. 3.1). The
first two boxes above the canopy were kept at a constant altitude, as the evolution of these
layers was found to have a minimal effect on the model results discussed. The model was
designed to be representative of a homogenous forest environment with the aim of simulating
observations at forest tower sites. In each box, the change in concentration (C) of species i,
is calculated using the time-dependent continuity equation:

δCi(z)

δt
= P (z) + L(z) + E(z) +D(z) + A(z) +

δF (z)

δz
(3.1)

where the terms on the right are the chemical production, chemical loss, emission, deposition,
advection, and turbulent flux, respectively. In each box (k = 1 − 8) the altitude (z) is
considered as the average of the altitudes at the upper boundaries of boxes k and k− 1 (the
midpoint of box k). The change in concentration for species i is calculated for each time
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step ∆t = 2 s (3.1).

∆Ci,k =

(
Pi,k + Li,k + Ei,k +Di,k + Ai,k +

Fi,k

∆hk

)
∆t (3.2)

where ∆hk is the width of box k. The only species not treated in this manner is the hydroxyl
radical (OH), which is calculated using a steady-state approximation.

Deposition

The deposition flux (Fdep) of each depositing species i in the canopy is calculated according
to:

Fdep = −Vd · LAI · Ci (3.3)

where LAI is the leaf area index, and Vd is the deposition velocity. The deposition velocities
are calculated according to:

Vd =
1

R
(3.4)

where R is the total resistance to deposition.

Rleaf =

(
1

Rcut

+
1

Rst +Rm

)−1
(3.5)

R = Ra +Rb +Rleaf (3.6)

where Ra, Rb, Rcut, Rst, and Rm are the aerodynamic, boundary layer, cuticular, stomatal,
and mesophilic resistances, respectively. These resistances describe the turbulent transport
of a gas to the surface (Ra), molecular transport through a thin layer of air above the leaf
surface (Rb), and deposition to the leaf surface (Rleaf ) (Baldocchi et al., 1987). Rleaf is
dependent upon plant physiology and the chemical and physical properties of the deposition
compounds. Rleaf is determined by deposition to the leaf cuticles (Rcut), diffusion through
the stomata (Rst), and chemical processing within the mesophyll (Rm). We do not allow for
emission of NO or NO2 from leaves, consistent with recent laboratory observations that have
observed negligible emission of these molecules (Chaparro-Suarez et al., 2011; Breuninger
et al., 2013; Delaria et al., 2018).

All boundary, aerodynamic, cuticular, and soil resistances of O3, HNO3, CH2O, alkyl
nitrates (ANs) and acylperoxy nitrates (APNs), HC(O)OH, ROOH, and H2O2 are calculated
according to Wolfe and Thornton (2011). The cuticular and mesophyllic resistances for NO2

and NO are adjustable input parameters. Stomatal resistances are determined from the
stomatal conductance to water vapor (gs) calculated using either Eq. 3.7 (Wesely, 1989),
or Eq. 3.8 (Jarvis, 1976; Emberson et al., 2000), hereafter referred to as the Wesely and
Emberson schemes, respectively:

gs = gmax ×
T (40− T )/400)

(1 + (200(SR + 0.1)−1)2
(3.7)
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Table 3.1: Parameters used in the model for comparison to observations from UMBS and
BEARPEX-2009

Parameter Symbol UMBS BEARPEX

Canopy height hcan
a20 m b10 m

Understory height hus
c4 m b2 m

Total leaf area index LAI c3.5m2 m−2 b5.1 m2/m2

Radiation extinction coefficient krad
a0.4 a0.4

Diffusion timescale ratio τ/TL
a2 a2

Friction velocity u∗ a61 cm s-1 a61 cm s−1

Maximum NO emission flux eNOmax
c0.7 ppt m s−1 b3 ppt m s−1

Minimum NO emission flux eNOmin
c0.3 ppt m s−1 b1 ppt m s−1

VOC basal emission flux Eb
d5 ppb m s−1 b11 ppb m s−1

Integration interval ∆ t 2 2

OH + VOC rate constant (cm3 molecules−1 s−1) kOH
e9.8× 10−11 e8.7×10−11

NO3 + VOC rate constant (cm3 molecules−1 s−1) kNO3
e7.0 × 10−13 e1.7×10−14

Minimum daily temperature 15 ◦C 17 ◦C

Maximum daily temperature 23 ◦C 27 ◦C

Maximum daily relative humidity 85% 65%

Minimum daily relative humidity 65% 30%

Maximum daily soil water potential f -0.05 MPa g-0.8 MPa

Minimum daily soil water potential f -0.25 MPa g-1.0 MPa

a. Geddes and Murphy, 2014
b. Wolfe and Thornton, 2011
c. Seok et al., 2013
d. estimated from Bryan et al., 2015
e. See text, calculated assuming dominant VOC is MBO for Blodgett and isoprene for UMBS
f. Estimated from Matheny et al., 2015
g. Taken from Ishikawa and Bledsoe (2000) and Stern et al. (2018)
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gs = gmax × fphen × flight ×max [fmin, (ftemp × fV PD × fSWP )] (3.8)

where gmax is the species-specific maximum stomatal conductance, fmin is a species-specific
scaling factor to the minimum stomatal conductance, SR is the solar radiation in W m−2, and
fphen, fSWP , flight, ftemp, and fV PD are functions representing modifications to the stomatal
conductance due to leaf phenology, soil water content, irradiance, temperature, and vapor
pressure deficit, respectively (Eq. 3.9—3.12).

flight = 1− exp(−Lighta × PPFD) (3.9)

ftemp = 1− (T − Topt)2

(Topt − Tmin)2
(3.10)

fV PD = min

[
1,

(
(1− fmin)× (V PDmin − V PD)

(V PDmin − V PDmax)

)
+ fmin

]
(3.11)

fSWP = min

[
1,

(
(1− fmin)× (SWPmin − SWP )

(SWPmin − SWPmax)

)
+ fmin

]
(3.12)

Topt and Tmin are the optimal and minimum temperature required for stomatal opening.
PPFD is the photosynthetic photon flux density and Lighta is a species-specific light response
parameter. V PDmin and V PDmax are the vapor pressure deficit at which stomatal opening
reaches a minimum and maximum, respectively. SWPmin and SWPmax are the soil water
potentials at which stomatal opening reaches a minimum and maximum, respectively. All
model calculations represented the peak growing season when fphen= 1. ftemp, fV PD, and
flight were calculated according to Emberson et al. (2000) using parameters found in 3.2.

Site description

The model was evaluated with comparison to observations from the Biosphere Effects on
Aerosols and Photochemistry 2009 (BEARPEX-2009) field campaign from 15 June – 31
July 2009 at Blodgett forest (Min et al., 2014), and the University of Michigan Biological
Station (UMBS) during 5 August – 10 August 2012 (Geddes and Murphy, 2014). For the
BEARPEX-2009 calculations, the modelled canopy included an overstory height of 10 m
with a one-sided leaf area index (LAI) of 3.2 m2m−2 (LAIos), and an understory height
of 2 m with a LAI of 1.9 m2m−2 (LAIus). Model simulations were run for June 30, 2009
using conditions from the BEARPEX-2009 ponderosa pine forest site located in the western
foothills of the Sierra Nevada Mountains, CA (38°58’42.9”N, 120°57’57.9”W, elevation 1315
m) (3.1) (Fig. 3.2a). Meteorological conditions and soil NO emissions used in the model
simulation were those reported by Min et al. (2014). Diurnal soil water potentials (SWP)
were values reported in a geological survey of nearby Sierra sites in a comparatively wet year
(Ishikawa and Bledsoe, 2000; Stern et al., 2018).

For UMBS-2012 calculations, the modelled canopy included an overstory height of 20 m
with a one-sided LAI of 2.5 m2m−2, and an understory height of 4 m with a LAI of 1 m2m−2

(Bryan et al., 2015). Model simulations were run for August 8, 2012 using conditions from



CHAPTER 3. A MODEL-BASED ANALYSIS OF FOLIAR NOx DEPOSITION 45

Table 3.2: Parameters used in the model for comparison to observations from UMBS and
BEARPEX-2009

UMBS reference BEARPEX reference

gmax (cm s−1) 0.2 Büker et al. 2012 0.3 Altimir et al. 2003

fmin 0.05 Büker et al. 2012 0.03 Büker et al. 2012

Lighta 0.001 Büker et al. 2012 0.001 This study

Tmax (◦C) 33 Büker et al. 2012 35 Altimir et al. 2003

Tmin (◦C) 5 Büker et al. 2012 5 Altimir et al. 2003

Topt (◦C) 16 Büker et al. 2012 20 Altimir et al. 2003

Hubbard et al. 2001,
VPDmin (kPa) 3.1 Büker et al. 2012 4 Ryan et al. 2000,

Kolb and Stone 1999

Hubbard et al. 2001,
VPDmax (kPa) 1.1 Büker et al. 2012 1.5 Ryan et al. 2000,

Kolb and Stone 1999

SWPmax (MPa) -1.0 Emberson et al. 2000 -1.0 Anderegg et al. 2017

SWPmin (MPa) -1.9 Emberson et al. 2000 -2.0 Anderegg et al. 2017

the UMBS mixed hardwood forest located in northern Michigan (45°33’32” N, 84°42’52” W)
(3.1) (Fig. 3.2b). Daily temperatures, VPDs, soil NO emissions and site-specific parameters
used in the model simulations were those reported in Geddes and Murphy (2014), and Seok
et al. (2013).

Temperature and relative humidity used in the model were sinusoidal fits to observations
of minimum and maximum daily temperature and relative humidity from the correspond-
ing field measurement site. The relative temperature decrease as a function of altitude was
calculated using a fit to observations during BEARPEX-2007, as presented by Wolfe and
Thornton (2011). Solar zenith angles (SZA) and photosynthetically active radiation (PAR)
were calculated every 0.5 h for each location and time period using the National Center
for Atmospheric Research TUV calculator (Madronich and Flocke, 1998) and fit using a
smoothed spline interpolation. Within the canopy, extinction of radiation (ER) was calcu-
lated following Beer’s law:

ERk = exp

(
−kradLAIcum
cos(SZA)

)
(3.13)
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Figure 3.2: Satellite images showing the locations of (a) the BEARPEX-2009 campaign and
(b) the University of Michigan Biological Station (UMBS). Red triangles show the specific
site locations. Measurements of chemical species and local meteorological variables from the
two campaigns were used to validate our 1D canopy multibox model.

where krad is the radiation extinction coefficient, SZA is the solar zenith angle,and LAIcum
is the cumulative LAI calculated as the sum of one-half the LAI in box k and the total LAI
in the boxes above box k.

Vertical transport and advection

The turbulent diffusion flux (F (z)) is represented in the model using K-theory, according to
the Chemistry of Atmosphere-Forest Exchange (CAFE) Model (Wolfe and Thornton, 2011).

F (z) = −K(z)
∆Ci,k

∆z
(3.14)

where ∆Ci,k is the change of concentration of species i in box k during each timestep and ∆z
is the difference between the midpoints of boxes k and k+1. K(z) above the canopy is based
on the values from Gao et al. (1993) and below is a function of friction velocity calculated
according to Wolfe et al. (2011) and is a function of the diffusion timescale ratio (τ/TL)–
defined as the ratio of the “time since emission” of a theoretical diffusing plume (τ) and the
Lagrangian timescale (TL)–and the friction velocity (u∗) (Wolfe and Thornton, 2011). The
details of the parameterization of turbulent diffusion fluxes is documented elsewhere (Wolfe
and Thornton, 2011) and based on the works of Raupach et al. (1996) and Makar et al.
(1999). The height dependent friction velocity (u(z)∗) is attenuated from the above-canopy
u∗ according to Yi (2008). Although Finnigan et al. (2015) identified flaws in this treatment,
we believe it is sufficient for our focus on illustrating generalizable qualitative trends.
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The resulting residence time in the canopy is approximately 2—3 min for model conditions
during the day. Our model is a simple parameterization of turbulent processes and as such
will only capture mean vertical diffusion. Other works (Collineau and Brunet, 1993; Raupach
et al., 1996; Brunet and Irvine, 2000; Thomas and Foken, 2007; Sörgel et al., 2011; Steiner
et al., 2011) have shown that “near-field” effects of individual canopy elements and coherent
turbulent structures can play an important role in canopy exchange. These more intricate
processes are not captured explicitly by our simple model. Previous work (Gao et al., 1993;
Makar et al., 1999; Stroud et al., 2005; Wolfe et al., 2011) have also utilized fairly simple
representations of canopy exchange in local and regional models, and as such K-theory is
likely sufficient to represent average vertical diffusion for the purposes of our study.

Advection in the model is treated as a simple mixing process in each model layer.

dCi

dt
= −kmix(Ci − Ci(adv)) (3.15)

where kmix=0.3 h−1 (Wolfe and Thornton, 2011), and Ci(adv) is the advection concentration
of species i. Advection concentrations are set to fit with the observations during BEARPEX-
2009 (Min et al., 2014) or UMBS-2012 (Geddes and Murphy, 2014; Seok et al., 2013) and
are used to maintain reasonable background concentrations (Table 3.A1). Concentrations
of NOx, O3, and some VOCs at both sites were influenced by emissions from nearby cities
and consequently had sources outside the canopy. For the BEARPEX-2009 model runs,
the maximum daily advection concentration was reached at around 17 hrs, based on field
observations of higher NOx plumes from near-by Sacramento in the afternoon (Wolfe and
Thornton, 2011; Min et al., 2014). The diurnal advection concentrations of NOx were mod-
elled with a sinusoidal function in the range 0.1—0.35 ppb (Table 3.A1). For UMBS all
advection concentrations were constant.

Chemistry

Chemistry in the model is based on reaction rate constants from the JPL Chemical Kinetics
and Photochemical Data Evaluation No. 18 (Burkholder et al., 2014). Photolysis rates
are calculated as a function of solar zenith angle (SZA), which was constructed using a
smoothed spline interpolation fit of photolysis rates calculated with the TUV calculator
(Madronich and Flocke, 1998) at every ten-degree interval of the zenith angle. The simplified
reaction scheme included in the model is based on the model presented in Browne and Cohen
(2012). The model includes both daytime and night-time NOx chemistry and a simplified
oxidation scheme. In this simplified case, oxidation of volatile organic compounds (VOCs)
during the daytime results in the production of peroxy radicals (RO2), treated as a uniform
chemical family. To be applicable to a range of forest types, we also include adjustable
parameters, kOH and kNO3 for the average rate constant for reaction of VOC with OH and
NO3, respectively. kOH and kNO3 are effective values adjusted in the model based on site-
specific VOC composition and observations of OH reactivity. A complete list of reactions
and rate constants included in the model is shown in Table 3.A2.
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BVOC emissions

Emissions rates (molecules cm−3 s−1) of biogenic volatile organic compounds (BVOCs) in
the canopy are calculated via:

E(z) =
Eb

∆h
CL(z)CT (z)LAI(z) (3.16)

(16) where Eb (molecules cm(leaf)−2 s−1) is the basal emission rate of VOC, ∆h is the total
height of the box, and CL and CT are corrections for light and temperature (Guenther et al.,
1995).

Evaluation of NOx fluxes and lifetimes

The model was used to assess the impact of NO2 deposition parameters on the NOx budget,
lifetime, loss, and vertical profile within a forested environment. In each box, the rates of
NOx loss with respect to nitric acid formation, alkyl nitrate formation, and deposition were
calculated from Eq. 3.17—3.19.

LNOx→HNO3 = kOH+NO2 [OH][NO2]+kN2O5 hydrolosis[N2O5]+kNO3+aldehyde[aldehyde][NO3]

(3.17)
LNOx→RONO2 = αkNO+RO2 [NO][RO2] + βkNO3 [NO3][BV OC] (3.18)

LNOx→Dep =
Fdep

∆hk
(3.19)

α is the fraction of the NO + RO2 reaction that forms alkyl nitrates and β is the fraction of
the NO3 + BVOC reaction that forms alkyl nitrates. The NOx lifetime was then scaled to
the entire boundary layer by summing over the products of the lifetime and boundary layer
fraction (∆hk/PBL) in each box

τPBL =

∑8
k=1[NOx]k∑8

k=1 LNOx→HNO3 + LNOx→RONO2 + LNOx→Dep

(3.20)

(20) NOx was treated as the sum of NO, NO2, and all short-lived products, including NO3,
2N2O5, and peroxyacetyl nitrate (PAN) (Romer et al., 2016). Deposition of PAN was not
considered.

We also calculated the 24 h average vertical fluxes (Eq. 3.14) of NOx , and used the
flux through the canopy to estimate the fraction of soil emitted NOx ventilated to the
troposphere above. Because PAN formed during the nighttime is expected to re-release NOx

to the atmosphere during the day, in this calculation, PAN was included as part of the NOx

budget.
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3.3 Sensitivity to parameterizations

We assessed the sensitivity of the model to τ/TL, the radiation extinction coefficient (krad),
the aerodynamic leaf width (lw), LAI, soil NO emission (eNO), and α. These parameters
are simplifications of complex physical processes and not always easily constrained by ob-
servations. The total deposition velocity of NO2 chosen for these assessments was 0.2 cm
s−1 during the daytime and 0.02 cm s−1 during the nighttime, based on values of gmax and
gmin chosen for Blodgett forest (discussed above) and typical values for deposition veloc-
ity observed for a variety of species in the laboratory (Teklemmariam and Sparks, 2006;
Chaparro-Suarez et al., 2011; Breuninger et al., 2013; Delaria et al., 2018).

The largest effects were observed for changes in α, LAI, and soil NO emission. LAIos
and LAIus were scaled from their values of 1.9 m2 m−2 and 3.2 m2 m−2, respectively by a
factor of 0.25 and 1.5. Increasing the scaling factor from 0.25 to 1.5 resulted in a decrease
of NOx lifetimes, above canopy concentration, and average canopy flux of 24%, 27%, and
36%, respectively (Fig. 3.A1). Increasing α from 0.01 to 0.1 resulted in a decrease in NOx

lifetimes, above canopy concentrations, and average canopy fluxes of 75%, 38%, and 39%,
respectively (Fig. 3.A2). For all other model runs an α of 0.075 was chosen, in accordance
with observations from regions primarily influenced by BVOCs (eg. monoterpenes, isoprene,
2-methyl-3-buten-2-ol). Increasing the maximum soil NO emission from 1 to 10 ppt m
s−1 increased the in-canopy enhancement from 28% to 140% relative to above-canopy NOx

concentrations (Fig. 3.A3b). The fraction of soil-emitted NOx ventilated through the canopy
also increased from 45% to 64% (Fig. 3.A3a). The large effect of soil NO emission on NOx

fluxes implies that this highly variable parameter (Vinken et al., 2014) is also important to
constrain in chemical transport models. Further discussion of soil NO emission is, however,
beyond the scope of this study.

Very small effects on NOx were observed for changes in the parameters τ/TL, krad, or lw.
The minor changes caused by variations in these parameters are listed below for completeness:

τ/TL represents the diffusion timescale ratio, a full description of which can be found in
Wolfe and Thornton (2011). Larger τ/TL represents faster diffusion and vertical transport
within the canopy layer, and shorter residence times in the canopy. We find that altering
this parameter from 1.2 to 8 (representing a change in residence time from 650 s to 62 s)
caused a 9.9%, 4.4%, and 8.7% increase in average canopy fluxes, NOx lifetimes and above
canopy concentration, respectively (Fig. 3.A4). For all subsequent model runs, a value of 2
for τ/TL was chosen, resulting in a canopy residence time during the day of 152 s and 194 s
for Blodgett Forest and UMBS, respectively, calculated using Eq.3.21.

τcan = hcan

3∑
k=1

∆hk
K(zk)

(3.21)

The boundary layer resistance, or laminar sublayer resistance, Rb, is dependent upon the
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aerodynamic leaf width, lw (Eq.3.22)

Rb =
cν

Du∗(z)

(
lwu

∗(z)

ν

)1/2

(3.22)

where ν = 0.146 cm2 s−1 is the kinematic viscosity of air, D is the species-dependent molec-
ular diffusion coefficient, c is a tunable constant set to 1 for this study, and u∗(z) is the
height-dependent friction velocity that is a function of u∗ and LAIcum (Wolfe and Thornton,
2011). lw depends upon the vegetation species. A value of 1 cm was chosen for the overstory
and 2 cm for the understory, as these widths are characteristic of pine trees and understory
shrubs in a poderosa pine forest (Wolfe and Thornton, 2011). Species with rapid deposition
to the cuticles or the stomata are expected to be more sensitive to errors in lw, such as HNO3

or H2O2. An increase in NOx lifetime, average canopy flux, and above canopy concentration
of 1.4%, 2.4%, and 2.8%, respectively, was predicted for a change in lw scaling factor from 0.1
to 2 (Fig. 3.A5). These changes are expected to be greater in forests with a larger average
deposition velocity, where Rb makes a greater contribution to the total resistance.

The rates of stomatal gas exchange and photolysis are regulated by the intensity of light
that penetrates the canopy. The extinction of radiation by the canopy, treated as a Beer’s
Law parameterization (Eq. 3.13), is exponentially proportional to the radiation extinction
coefficient, krad. krad ranging from 0.4—0.65 has been measured for coniferous forests and
understory shrubs (Wolfe and Thornton, 2011). The NOx lifetime increased by 2.7% and the
canopy fluxes, and above-canopy concentrations decreased by 0.7% and 0.6%, respectively,
for a change in krad from 0 to 0.6 (Fig. 3.A6). This effect is expected to be greater for forests
with larger LAI. The minimal effect of krad on model results was also observed for multiple
canopy profile shapes of equivalent LAI.

3.4 Results

Model validation: comparison to field observations

To evaluate the applicability of our 1D multilayer canopy model for predicting NOx concen-
trations and vertical fluxes in a variety of forest environments, we compared the model to
observations from BEARPEX-2009 and UMBS-2012. Parameters used in each calculation
are shown in 3.1. The model was run using both the Emberson and Wesely stomatal con-
ductance models. Parameters for temperature, drought stress, and maximum and minimum
stomatal conductances used in the Emberson model were input for the dominant tree species
in the region (3.2). At the BEARPEX-2009 site, the dominant tree species was ponderosa
pine. For this site, gmax and parameters for fSWP and fV PD were inferred from ponderosa
pine stomatal conductance data (Kelliher et al., 1995; Ryan et al., 2000; Hubbard et al., 2001;
Johnson et al., 2009; Anderegg et al., 2017), and flight was inferred from measurements of the
canopy conductance during BEARPEX-2009 (Fig. 3.3a). ftemp was represented by observa-
tions for Scots pine (Altimir et al., 2004; Emberson, 1996; Büker et al., 2012) and validated
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Figure 3.3: Comparison of model results to BEARPEX-2009 hourly averaged observa-
tions of (a) stomatal conductances, (b) NOx mixing ratios at 18 m (black) and 0.5 m (red)
and (c) vertical fluxes at 18 m. (d) Averaged observations of in-canopy NOx enhancements
from 09:00—12:00 (blue) and 13:00—16:00 (red) compared with modeled NOx enhance-
ments, defined as the difference between NOx below the canopy and NOx measured at 18
m. Observations from BEARPEX-2009 are from Min et al., (2014). In all panels solid lines,
dotted lines, and dashed lines, represent results from our model with stomatal conductances
parameterized using observed conductances, the Wesely model, and the Emberson model,
respectively. Circles, error bars, and grey shaded regions represent observations, standard
errors of the mean, and the interquartile range of data, respectively.

with comparison to stomatal conductance measured via sap-flow during BEARPEX-2009
(Fig. 3.3a). At UMBS the dominant species are quaking aspen and bigtooth aspen, with
many birch, beech, and maple species also present (Seok et al., 2013). Data for a European
beech tree species was used to represent stomatal conductance parameters (Büker et al.,
2007, 2012) and SWP stress (Emberson et al., 2000). These parameters were validated with
comparison to stomatal conductance calculated from water vapor and latent heat flux mea-
surements during UMBS-2012 using an energy-balance method according to Mallick et al.
(2013) (Fig. 3.4a).
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The model replicates key features of the canopy fluxes and above-canopy NOx daytime
mixing ratios from the 2009 BEARPEX campaign (Fig. 3.3). The average daytime above-
canopy NOx mixing ratios during the duration of BEARPEX-2009 was 253 ppt, with obser-
vations ranging from 80—550 ppt of NO2 and 10—100 ppt of NO (Min et al., 2014). The
general daily trends in observations of NOx mixing ratios are captured by both the Wesely
and Emberson cases—with minimum NOx mixing ratios occurring in the late morning, an
increase of NOx in the afternoon, and maximum NOx concentrations of 450—500 ppt reached
in the evenings, primarily as a result of high-NOx plumes from near-by Sacramento in the
afternoon (Wolfe et al., 2011; Min et al., 2014) (Fig. 3.3b). However, both model scenarios
predict a slower than observed decrease in NOx mixing ratios from the evening to the early
morning, larger mid-morning fluxes than observed (by ∼0.5—1.5 ppt m s−1), and fail to rep-
resent the in-canopy enhancement of NOx (∼50 ppt), relative to above-canopy mixing ratios,
observed in the evening (Fig. 3.3). The above-canopy vertical NOx flux predicted in both
model cases also agrees reasonably well with observations, with the Emberson case repre-
senting morning and midday NOx fluxes slightly better than the Wesely case. This relatively
good agreement between the Emberson case and observed fluxes is also demonstrated in Fig.
3.3d by the agreement between modelled and observed canopy NOx enhancements. There is,
however, generally little difference between Emberson and Wesely model cases for this site
during the period considered (Fig. 3.3). This is likely due to the good agreement in both
the Emberson and Wesely cases to observations of stomatal conductance (Fig. 3.3a). We
also observe similar correspondence between the model and key features of the UMBS-2012
observations (Fig. 3.4). NO and NO2 mixing ratios and canopy fluxes are both within the
range of observations. The model predicts a maximum of ∼40% lower NO2 in the morning
and ∼30% higher NO2 at night than what was observed (Fig. 3.4b). It should also be noted
that this agreement was achieved without inclusion of an NO2 compensation point, whereas
Seok et al. (2013) had proposed the importance of considering foliar NO2 emission at this
location. Differences between the Wesely model and Emberson model were negligible for
this site. This is likely due to a higher humidity in the summer in this region and larger soil
moisture, reducing the prediction for midday and late afternoon VPD stress by the Ember-
son model, as can be seen by the similarity in the predicted gs by the Emberson and Wesely
models (Fig. 3.4a).

Effects of maximum stomatal conductance

The BEARPEX-2009 case was simulated using the Wesely model for different values of the
maximum stomatal conductance (gmax) (Fig. 3.5), with advection concentrations of NOx

set to zero. The range of gmax currently represented in the literature during peak growing
season for forested regions ranges from 0.2—0.8 cm s−1 (Kelliher et al., 1995; Emberson,
1996; Emberson et al., 2000; Ryan et al., 2000; Hubbard et al., 2001; Altimir et al., 2004;
Fares et al., 2012). This range reflects differences in forest types and a wide variety of tree
species. Global CTMs using the Wesely parameterization currently include gmax of 1.4, 0.77,
and 1 cm s-1 for deciduous, coniferous, and mixed forests, respectively (Wesely, 1989; Wang
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Figure 3.4: Comparison of model results to (a) hourly averaged observed stomatal con-
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Figure 3.5: Model results of (a) diurnal NO2 deposition velocities, (b) average daily vertical
fluxes of NOx and a conserved tracer (black line), (c) diurnal canopy fluxes at 10 m, and (d)
diurnal above-canopy NOx mixing ratios at 15 m for different values of maximum stomatal
conductance (gmax) using the Wesely scheme to calculate stomatal conductance.

and Leuning, 1998). Figure 3.5b demonstrates the impact of gmax on the average daily
vertical flux of NOx through the canopy. 96% of soil emitted NOx is ventilated through the
canopy with no foliar deposition (gmax= 0 cm s−1). In contrast, 44% of soil-emitted NOx is
taken up by the forest and 56% ventilated through the canopy when the maximum stomatal
conductance is 1.4 cm s−1. Figures 3.5c and 3.5d show the effects of gmax on the diurnal flux
through the canopy and the diurnal above-canopy NOx mixing ratio, respectively. Compared
with no foliar deposition, a gmax of 1.4 cm s−1 results in ∼60% reduction in the canopy flux
and ∼50% reduction in the above-canopy NOx mixing ratio at noon. (Fig. 3.5c, d). In Figure
3.6a we show the fraction of soil-emitted NOx ventilated through the canopy as a function
of gmax. The model suggests a maximum foliar reduction of NOx of ∼60% for a canopy of 10
m and total LAI of 5.1 m2 m−2. Our model also predicts that changes in gmax have a greater
overall impact on canopy NOx fluxes at larger leaf resistances and slower foliar uptake. In the
range for gmax of ∼ 0—0.5 cm s−1, variation in gmax can have a large impact on the predicted
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Figure 3.6: Model-predicted dependence of (a) the fraction of soil emitted NOx removed
in the canopy, (b) the average daily NOx lifetime (τNOx) in the planetary boundary layer,
and (c) ozone production efficiency (OPE) on maximum stomatal conductance (gmax) using
the Wesely scheme to calculate stomatal conductance.

canopy fluxes of NOx, which would in turn have a large impact on concentrations and fluxes
of O3. These values of gmax result in deposition velocities in the range expected for most
forests, based on laboratory measurements of leaf-level deposition (Hanson and Lindberg,
1991; Rondón and Granat, 1994; Hereid and Monson, 2001; Teklemmariam and Sparks, 2006;
Pape et al., 2009; Chaparro-Suarez et al., 2011; Breuninger et al., 2013; Delaria et al., 2018)
and global analysis suggesting 20—50% reductions in soil-emitted NOx by vegetation (Jacob
and Wofsy, 1990; Yienger and Levy, 1995; Ganzeveld et al., 2002b,a). Model calculations
also predict a strong effect on the lifetimes of NOx, as shown in Figure 3.6b, with maximum
stomatal conductances of 0.1 cm s−1, 0.3 cm s−1, and 1.4 cm s−1 reducing the NOx lifetime
by ∼0.7 hrs (∼7%), ∼1.8 hrs (∼18%), and ∼3.6 hrs (∼36%), respectively compared with no
deposition. Similar trends (not shown) were also observed using parameters for UMBS.

Emberson model vs. Wesely model comparison

The relative importance of including parameterizations of VPD and SWP in the calculation
of stomatal conductance and overall deposition velocity is expected to be regionally variable,
along with regional variations in dominant tree species, soil types, and meteorology. We ran
the model using BEARPEX-2009 conditions using both the Wesely and Emberson stomatal
conductance models under “dry” and “wet” conditions. Here we use “dry” to refer to
conditions of low humidity and low soil moisture and “wet” to refer to conditions with high
humidity and high soil moisture. Under the “dry” scenario the SWP daily minimum and
maximum were ∼2.0 MPa and ∼1.7 MPa, respectively, with the daily minimum reached at
sunset. A minimum daily RH of 40% occurred at noon, with a maximum at midnight of
65%. Summertime is often even drier in regions of the western United States, so these “dry”
parameters are conservative estimates for many forests. Under the “wet” scenario the SWP
daily minimum and maximum were -0.5 MPa and -0.1 MPa, respectively. The maximum
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Figure 3.7: Modeled results of (a) diurnal NO2 deposition velocities, (b) average daily
vertical fluxes compared to a conserved tracer (black line), and (c) diurnal canopy fluxes at
10 m for “wet” and “dry” scenarios using either the Wesely or Emberson models to calculate
stomatal conductance.

and minimum RH were 90% and 80%, respectively. The values for soil moisture and relative
humidity chosen were based on observations of SWP by Ishikawa and Bledsoe (2000) and
the long-term climate data record at Auburn Municipal Airport (38.9547° N, -121.0819° W)
from NOAA National Centers for Environmental Information (noa).

The results of the Wesely and Emberson “wet” and “dry” model runs are shown in Figure
3.8. There was only a slight decrease of the in-canopy NOx enhancement and the canopy flux
in the Wesely “wet” case, presumably due to a slight increase in OH radicals at higher RH.
Predictably, the difference in the modelled deposition velocities was quite dramatic between
the Emberson “wet” and “dry” cases. In the “dry” scenario, the deposition velocity reached
a maximum in the late morning, but rapidly declined after noon. The maximum deposition
velocity reached was also substantially reduced (Fig. 3.7a). Using the “wet” Emberson
stomatal conductance model, the NOx flux out of the forest was reduced by 16% midday
compared to the “dry” case, and the percent of soil NOx removed within the canopy was
increased from 18% to 30% (Fig. 3.7). The model calculates a substantial impact on above-
canopy NOx mixing ratios (Fig. 3.8), with a maximum of ∼30% difference in NOx in the
afternoon between “wet” and “dry” days using the Emberson parameterization, compared
with ∼10% difference using the Wesely model. Using the Emberson parameterization of
stomatal conductance, deposition during “wet” days is predicted to contribute substantially
more to the total NOx loss (∼40%), with only ∼15% contribution predicted for “dry” days
(Fig. 3.9).
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Figure 3.8: (a) Modeled NOx mixing ratios above the canopy at 18 m for “wet” and “dry”
scenarios using either the Wesely or Emberson models to calculate stomatal conductance.
(b) Percent difference between NOx mixing ratios on “wet” and “dry” days using either
the Wesely (blue dashed line) or Emberson (red solid line) parameterization of stomatal
conductance.

Under the Wesely model, where stomatal conductance is parameterized only with tem-
perature and solar radiation, the predicted deposition velocity would be nearly identical
between the spring and fall in the western United States and similar semi-arid regions (with
comparatively minor temperature effects). While the Emberson model predicts large sea-
sonal differences, the Wesely model fails to account for the dramatic decrease in stomatal
conductance seen in the dry seasons in such regions caused by significant reductions in rela-
tive humidity and soil water potential (Prior et al., 1997; Panek and Goldstein, 2001; Chaves
et al., 2002; Beedlow et al., 2013). We recognize that the multibox model presented in this
work is a simplified representation of physical processes, and as such is not likely to (and
is not intended to) provide quantitative exactitude for the trends described above. How-
ever, we argue for the necessity of incorporating these conceptual advances for accurately
representing canopy processes and predicting their effect on the NOx cycle.

3.5 Discussion

Implications for modelling NO2 dry deposition

As in our multilayer canopy model, the most common current method of parameteriz-
ing stomatal and cuticular deposition in large-scale chemical transport models (CTMs) is
through the resistance model framework of Baldocchi (1987). Many global (e.g. WRF-Chem
and GEOS-Chem) and regional (e. g. MOZART and CAMx) CTMs calculate the stomatal
component of the total deposition resistance using the representation of Wesely (1989), where
stomatal conductance is dependent only on the type of vegetation, temperature, and solar
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Figure 3.9: Model prediction for the daytime average fraction of NOx removed by deposi-
tion, nitric acid formation, and alkyl nitrate formation using the Emberson parameterization
of stomatal conductance for (a) “wet” and (b) “dry” conditions.

radiation. The limitations of this parameterization have been highlighted by observations of
a strong dependence of foliar deposition on soil moisture and vapor pressure deficit (VPD)
(Kavassalis and Murphy, 2017; Rydsaa et al., 2016). Inadequate descriptions of vegetative
species, soil moisture, drought stress, etc., can have a dramatic impact on model results,
and result in significant discrepancies between models and observations (Wesely and Hicks,
2000). Failure to account for effects of plant physiology on deposition may result in misrep-
resentation of deposition velocities, which, as we demonstrate, can have a substantial impact
on NOx lifetimes and mixing ratios above and within a forest canopy. This effect will be
especially pronounced in areas, such as much of the western United States, where there are
frequent periods of prolonged drought. Parameterizations of stomatal conductance, such as
those presented in Emberson et al. (2000) and incorporated into some regional-scale CTMs
(e.g. EMEP, MSC-W, and CHIMERE), if incorporated into global atmospheric models,
could more accurately reflect the dependence of foliar deposition on meteorology and soil
conditions. However, additional laboratory and field measurements on diverse plant species
are also needed to determine appropriate, ecosystem-specific inputs to these parameteriza-
tions.

It should be noted that there have been significant recent advances in optimization ap-
proaches of stomatal modelling based on the theory that stomata maximize CO2 assimilation
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per molecule of water vapor lost via transpiration (Medlyn et al., 2011; Bonan et al., 2014;
Franks et al., 2017; Lloyd Miner et al., 2016; Franks et al., 2018). Medlyn et al. (2011) recon-
ciled the empirical widely utilized Ball-Berry model with a theoretical framework optimizing
ribulose 1,5 bisphosphate (RuBP) regeneration-limited photosynthesis. However, such meth-
ods of water use efficiency optimization do not account for stomatal closure as a result of
soil moisture stress. Bonan et al. (2014) further developed a model considering water use
efficiency optimization and water transport between the soil, plant, and atmosphere. Such
parameterizations are utilized in the Community Land Model (CLM)–a land surface model
often incorporated into regional and global climate-chemistry models (Lombardozzi et al.,
2015; Kennedy et al., 2019). Although this model provides a physiological and mechanistic
basis for stomatal behaviour, it is heavily parameterized, relying on inputs of plant and soil
parameters that could be expected to vary significantly across ecosystem types. For this rea-
son, we view these methods as aspirational for incorporation into atmospheric global CTMs.
We find the relative simplicity of the Emberson approach more useful for the purpose and
scope of parameters for large-scale atmospheric models.

Implications for modelling ozone

NO2, as well as O3, deposition budgets are frequently calculated through inferential methods
whereby the deposition velocity is constrained with ambient observations (Holland et al.,
2005; Geddes and Murphy, 2014). These inferential models are often complicated by the
fast reaction of the NO2-NO-O3 triad, making it difficult to separate chemical and physical
processes. Further, these inferential models for determining dry deposition constrained with
observations of chemical concentrations and eddy covariance measurements of fluxes are
difficult to interpret because of similar chemical and turbulent timescales (Min et al., 2014;
Geddes and Murphy, 2014). Emission of NO from soils, rapid chemical conversion to NO2,
and subsequent in-air reactions of NOx must be evaluated accurately in in order to correctly
infer NOx and O3 atmosphere-biosphere exchange from observations. Our multilayer canopy
model applies a simple method of representing these processes and evaluating the separate
effects of chemistry and dry deposition on the NOx budget in forests.

Since the foliar deposition of NO2 reduces the NOx lifetime and NOx that is transported
out of the canopy, it will also reduce the amount of ozone that is produced both within
and above the canopy. Ozone production efficiency (OPE) in the canopy is calculated using
Eq.3.23—3.25:

L(NOx) = LNOx→Dep + LNOx→RONO2c+ LNOx→HNO3 (3.23)

P (O3) = kHO2+NO[HO2][NO] + kCH3O2+NO[CH3O2][NO] + (1− α)kRO2+NO[RO2][NO]
(3.24)

OPE =
P (O3)

L(NOx)
(3.25)

where P (O3) is the ozone production rate and L(NOx) is the NOx loss rate. The effect of
stomatal conductance to NO2 on OPE is shown in Figure 3.6c. An increase in gmax from
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0 to 0.3 cm s−1 results in a decrease in OPE for the PBL from 24.0 to 20.7 (∼14%), and
a decrease to 17.0 (∼30%) if gmax is 1.4 cm s−1. This is similar to OPE calculations that
have been reported for forests and environments with NOx mixing ratios less than 1 ppb
and heavily influenced by BVOC emissions (Marion et al., 2001; Browne and Cohen, 2012;
Ninneman et al., 2017).

NO2 deposition and the in-canopy chemistry of NO2-NO-O3 also impacts O3 production
and removal. O3 deposition is frequently inferred from measurements of O3 concentrations
or eddy-covariance measurements (Wesely and Hicks, 2000; Kavassalis and Murphy, 2017).
However, because NO2 has a direct impact on ozone production, deposition of NO2 can affect
inferences of O3 deposition from observations. The 14% reduction of OPE and more than
a 20% reduction in daytime NOx resulting from an increase in gmax from 0 to 0.3 cm s−1

can cause a parallel decrease in O3 concentrations and fluxes independent of O3 chemical
loss or deposition. Thus, deposition of NO2 must be taken into account when evaluating O3

deposition losses from observed canopy fluxes.

Implications for near-urban forests

The analysis above suggests that the relative importance of chemical sinks and deposition
will vary with NOx concentration. To evaluate the relative importance of NO2 foliar depo-
sition and chemistry as a function of NOx mixing ratio, a simplified 1-box model was also
constructed with a simplified reaction scheme (Table 3.A3), VOC reactivity of 8 s−1, α of
0.075, and a HOx (HOx ≡ OH + HO2) production rate (PHOx) of 2×106 molecules cm−3

s−1 (similar to conditions observed at BEARPEX-09). RO2, OH, and HO2 were solved for
steady-state concentrations and NOx loss pathways were calculated via Eq. 3.26—3.29.

DNOx = LAI · Vd ·
hcan
hPBL

[NO2] (3.26)

where hcan is the canopy height (15m), hPBL is the planetary boundary layer height (1000
m), and LAI is 5 m2 m−2.

PHNO3 = kOH+NO2 [OH][NO2] (3.27)

PANs = αkRO2+NO[RO2]fNO (3.28)

where

fNO =
kRO2+NO[NO]

kRO2+NO[NO] + kRO2+HO2 [HO2] + kRO2+RO2 [RO2]
(3.29)

The results from this simplified box model are shown in Figure 3.10 and agree well
with our 1D multi-box model near 10 ppb NOx (Fig. 3.A7). With deposition set to zero,
nitric acid formation becomes a more significant sink of NOx than alkyl nitrate formation
at around 1 ppb, and nitric acid formation accounts for greater than 70% of the total loss
at 100 ppb. With a deposition pathway included, deposition acts as the dominant NOx sink
above 30 ppb and at 10 ppb deposition and AN formation are each 20% of the NOx sink.
Deposition is approximately 10% of the sink over a wide range of concentrations. Forests in
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Figure 3.10: Fraction of NOx loss to alkyl nitrate formation (green line), nitric acid for-
mation (yellow line) with (a) no foliar uptake and (b) with foliar deposition (blue line) as a
function of NOx mixing ratio predicted by the simplified single-box model.

close proximity to urban centers (Fig. 3.A9) may result in a substantial local decrease in
NOx (Fig. 3.A8, Fig. 3.10). Although the influence of urban or near-urban trees on NOx

concentrations would be heavily dependent on meteorological factors (i.e. wind speed and
direction), proximity to emission sources, and LAI, it may have some importance on a local
or neighborhood scale. This effect may be relevant for understanding and predicting the
effects of NOx reduction policies within and near cities. It may also be useful in considering
as a direct nitrogen input to the biosphere, not mediated by soil processes.

3.6 Conclusions

We have constructed a 1D multi-box model with representations of chemistry and verti-
cal transport to evaluate the impact of leaf-level processes on canopy-scale concentrations,
lifetimes, and canopy fluxes of NOx. Our model is able to closely replicate canopy fluxes
and above-canopy NOx daytime mixing ratios during two field campaigns that took place
in a Sierra Nevada pine forest (BEARPEX-2009) and a northern Michigan mixed hardwood
forest (UMBS-2012). We conclude that the widely used canopy reduction factor approach
to describing soil NOx removal from the atmosphere within plant canopies is consistent
with a process-based model that utilizes stomatal uptake and we recommend that the CRF
parameter be replaced with stomatal models for NO2 uptake.

We demonstrate with our 1D multi-box model that NO2 deposition provides a mechanistic
explanation behind canopy reduction factors (CRFs) that are widely used in CTMs. We
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predict a maximum of ∼60% reduction in the fraction of soil-emitted NOx ventilated through
the canopy when stomatal conductances are greater than 0.075 cm s−1, consistent with the
range of global CRFs used in current CTMs (Jacob and Wofsy, 1990; Yienger and Levy,
1995). Our model also predicts that changes in gmax have a greater overall impact on canopy
NOx fluxes at larger leaf resistances to uptake (slower foliar uptake). In the range for gmax

of ∼0–0.5 cm s−1, errors or variability in stomatal conductance can have a large impact
on the predicted canopy concentrations and fluxes of NOx, which would in turn have large
impact on concentrations and fluxes of O3. This range of deposition velocities describes the
range of uptake rates measured for many tree species and forest ecosystems (Hanson and
Lindberg, 1991; Rondón and Granat, 1994; Hereid and Monson, 2001; Teklemmariam and
Sparks, 2006; Pape et al., 2009; Chaparro-Suarez et al., 2011; Delaria et al., 2018). Model
calculations also predict a similar trend on the lifetimes of NOx, with a maximum reduction
in the NOx lifetime by ∼4 hrs ( 40%) compared with no deposition.

The large effect that small changes in stomatal conductance can have on NOx lifetimes,
concentrations, budget, and O3 production makes it very important to accurately param-
eterize in atmospheric models. Most global scale chemical transport models parameter-
ize stomatal conductance using the representation developed by Wesely (1989) (Jacob and
Wofsy, 1990; Verbeke et al., 2015). These do no account for the effects of VPD, SWP, CO2

mixing ratio, or other factors known to influence stomatal conductance (Hardacre et al.,
2015). We show that incorporating vapor pressure deficit and soil water potential–using
the parameterization of Emberson et al. (2000)–has a substantial impact on predicted NO2

deposition, with the percent of soil NOx removed within the canopy increasing from 18% to
30% in wet (low VPD and high SWP) conditions compared to dry conditions in the location
of BEARPEX-2009. Under the Wesely model, where stomatal conductance is parameter-
ized only with temperature and solar radiation, the predicted deposition velocity would be
nearly identical between “wet” and “dry” days and between the spring and fall in semi-arid
regions (e.g. much of the western United States, the Mediterranean Basin, the west coast
of South America, parts of northwest Africa, parts of western and southern Australia, and
parts of South Africa). The dominant effect of stomatal opening on NO2 deposition causes
an important time of day and seasonal behaviour that should be extensively explored with
observations of NOx fluxes and concurrent models to confirm the role of deposition in a wider
range of environs and more thoroughly vet the conceptual model proposed here.

3.7 References

National Centers for Environmental Information, Auburn Municipal Airport, online
database.

Altimir, N., Tuovinen, J.-P., Vesala, T., Kulmala, M., and Hari, P.: Measurements of
ozone removal by Scots pine shoots: Calibration of a stomatal uptake model including



CHAPTER 3. A MODEL-BASED ANALYSIS OF FOLIAR NOx DEPOSITION 63

the non-stomatal component, Atmospheric Environment, 38, 2387–2398, https://doi.org/
10.1016/j.atmosenv.2003.09.077, 2004.

Ammann, M., von Ballmoos, P., Stalder, M., Suter, M., and Brunold, C.: Uptake and
assimilation of atmospheric NO2 — N by spruce needles (Picea abies): A field study,
Water Air and Soil Pollution, 85, 1497–1502, https://doi.org/10.1007/BF00477193, 1995.

Anderegg, W. R. L., Wolf, A., Arango-Velez, A., Choat, B., Chmura, D. J., Jansen, S., Kolb,
T., Li, S., Meinzer, F., Pita, P., Resco de Dios, V., Sperry, J. S., Wolfe, B. T., and Pacala,
S.: Plant water potential improves prediction of empirical stomatal models, PLOS ONE,
12, 1–17, https://doi.org/10.1371/journal.pone.0185481, 2017.

Baldocchi, D. D., Hicks, B. B., and Camara, P.: A canopy stomatal resistance model for
gaseous deposition to vegetated surfaces, Atmospheric Environment (1967), 21, 91 – 101,
https://doi.org/10.1016/0004-6981(87)90274-5, 1987.

Beedlow, P., Lee, E., Tingey, D., Waschmann, R., and Burdick, C.: The importance
of seasonal temperature and moisture patterns on growth of Douglas-fir in western
Oregon, USA, Agricultural and Forest Meteorology, 169, 174–185, https://doi.org/
10.1016/j.agrformet.2012.10.010, 2013.

Bonan, G., Williams, M., Fisher, R., and Oleson, K.: Modeling stomatal conductance in the
Earth system: Linking leaf water-use efficiency and water transport along the soil-plant-
atmosphere continuum, Geoscientific Model Development, 7, 2193–2222, https://doi.org/
10.5194/gmd-7-2193-2014, 2014.

Breuninger, C., Oswald, R., Kesselmeier, J., and Meixner, F. X.: The dynamic chamber
method: trace gas exchange fluxes (NO, NO2, O3) between plants and the atmosphere
in the laboratory and in the field, Atmospheric Measurement Techniques, 5, 955–989,
https://doi.org/10.5194/amt-5-955-2012, 2012.

Breuninger, C., Meixner, F. X., and Kesselmeier, J.: Field investigations of nitrogen dioxide
(NO2) exchange between plants and the atmosphere, Atmospheric Chemistry and Physics,
13, 773–790, https://doi.org/10.5194/acp-13-773-2013, 2013.

Browne, E. C. and Cohen, R. C.: Effects of biogenic nitrate chemistry on the NOx lifetime
in remote continental regions, Atmospheric Chemistry and Physics, 12, 11 917–11 932,
https://doi.org/10.5194/acp-12-11917-2012, 2012.

Brunet, Y. and Irvine, M.: The Control Of Coherent Eddies In Vegetation Canopies: Stream-
wise Structure Spacing, Canopy Shear Scale And Atmospheric Stability, Boundary-Layer
Meteorology, 94, 139–163, https://doi.org/10.1023/A:1002406616227, 2000.

Bryan, A., Cheng, S., Ashworth, K., Guenther, A., Hardiman, B., Bohrer, G., and Steiner,
A.: Forest-atmosphere BVOC exchange in diverse and structurally complex canopies: 1-D



CHAPTER 3. A MODEL-BASED ANALYSIS OF FOLIAR NOx DEPOSITION 64

modeling of a mid-successional forest in northern Michigan, Atmospheric Environment,
120, https://doi.org/10.1016/j.atmosenv.2015.08.094, 2015.

Burkholder, J., Sander, S., Abbatt, J., Barker, J., Fleming, E., Friedl, R., Huie, R., Jackman,
C., Kolb, C., Kurylo, M., Orkin, V., and Wine, P.: NASA Data Evaluation: Chemical
Kinetics and Photochemical Data for Use in Atmospheric Studies, 2014.
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Vöosmarty, C.: Nitrogen Cycles: Past, Present, and Future, Biogeochemistry, 70, 153–226,
https://doi.org/10.1007/s10533-004-0370-0, 2004.

Ganzeveld, L. and Lelieveld, J.: Dry deposition parametrization in a chemistry general
circulation model and its influence on the distribution of reactive trace gases, Journal of
Geophysical Research 100 (1995) 20,999-21,012., 100, https://doi.org/10.1029/95JD02266,
1995.

Ganzeveld, L. N., Lelieveld, J., Dentener, F. J., Krol, M. C., Bouwman, A. J., and
Roelofs, G.-J.: Global soil-biogenic NOx emissions and the role of canopy processes, Jour-
nal of Geophysical Research: Atmospheres, 107, ACH 9–1–ACH 9–17, https://doi.org/
10.1029/2001JD001289, 2002a.

Ganzeveld, L. N., Lelieveld, J., Dentener, F. J., Krol, M. C., and Roelofs, G.-J.:
Atmosphere-biosphere trace gas exchanges simulated with a single-column model, Jour-
nal of Geophysical Research: Atmospheres, 107, ACH 8–1–ACH 8–21, https://doi.org/
10.1029/2001JD000684, 2002b.

Gao, W., Wesely, M., and Doskey, P.: Numerical modeling of the turbulent diffusion and
chemistry of NOx, O3, isoprene, and other reactive trace gases in and above a forest canopy,



CHAPTER 3. A MODEL-BASED ANALYSIS OF FOLIAR NOx DEPOSITION 66

Journal of Geophysical Research, 981, 18 339–18 354, https://doi.org/10.1029/93JD01862,
1993.

Geddes, J. A. and Murphy, J. G.: Observations of reactive nitrogen oxide fluxes by eddy
covariance above two midlatitude North American mixed hardwood forests, Atmospheric
Chemistry and Physics, 14, 2939–2957, https://doi.org/10.5194/acp-14-2939-2014, 2014.

Guenther, A., Hewitt, C. N., Erickson, D., Fall, R., Geron, C., Graedel, T., Harley, P.,
Klinger, L., Lerdau, M., Mckay, W., Pierce, T., Scholes, B., Steinbrecher, R., Tallam-
raju, R., Taylor, J., and Zimmerman, P.: A global model of natural volatile organic
compound emissions, Journal of geophysical research, 100, 8873–8892, https://doi.org/
10.1029/94JD02950, 1995.

Gunderson, C., Sholtis, J., Wullschleger, S., Tissue, D., Hanson, P., and Norby, R.: Environ-
mental and stomatal control of photosynthetic enhancement in the canopy of a sweetgum
(Liquidambar styraciflua L.) plantation during 3 years of CO2 enrichment, Plant, Cell
Environment, 25, 379 – 393, https://doi.org/10.1046/j.0016-8025.2001.00816.x, 2002.

Hanson, P. J. and Lindberg, S. E.: Dry deposition of reactive nitrogen compounds: A review
of leaf, canopy and non-foliar measurements, Atmospheric Environment. Part A. General
Topics, 25, 1615 – 1634, https://doi.org/10.1016/0960-1686(91)90020-8, 1991.

Hardacre, C., Wild, O., and Emberson, L.: An evaluation of ozone dry deposition in
global scale chemistry climate models, Atmospheric Chemistry and Physics, 15, 6419–
6436, https://doi.org/10.5194/acp-15-6419-2015, 2015.

Hereid, D. and Monson, R.: Nitrogen Oxide Fluxes between Corn (Zea mays L.) Leaves and
the Atmosphere, Atmospheric Environment, 35, 975–983, https://doi.org/10.1016/S1352-
2310(00)00342-3, 2001.

Hicks, B., Baldocchi, D., Meyers, T., Hosker, R., and Matt, D.: A Preliminary multiple
resistance routine for deriving dry deposition velocities from measured quantities, Water
Air and Soil Pollution, 36, 311–330, https://doi.org/10.1007/BF00229675, 1987.

Holland, E., Braswell, B., Lamarque, J.-F., Townsend, A., Sulzman, J., Müller, J.-F., Den-
tener, F., Brasseur, G., Levy, H., Penner, J., and G.-J, R.: Variation in the predicted
spatial distribution of atmospheric nitrogen deposition and their impact on carbon up-
take by terrestrial ecosystems, Journal of Geophysical Research, 1021, 15 849–15 866,
https://doi.org/10.1029/96JD03164, 1997.

Holland, E., Braswell, B., Sulzman, J., and Lamarque, J.-F.: Nitrogen deposition onto the
United States and Western Europe: Synthesis of observations and models, Ecological
Applications, 15, 38–57, https://doi.org/10.1890/03-5162, 2005.



CHAPTER 3. A MODEL-BASED ANALYSIS OF FOLIAR NOx DEPOSITION 67

Hubbard, R., Ryan, M., Stiller, V., and Sperry, J.: Stomatal conductance and photosynthesis
vary linearly with plant hydraulic conductance in ponderosa pine, Plant, Cell Environ-
ment, 24, https://doi.org/10.1046/j.1365-3040.2001.00660.x, 2001.

Ishikawa, C. and Bledsoe, C.: Seasonal and diurnal patterns of soil water potential in
the rhizosphere of blue oaks: Evidence for hydraulic lift, Oecologia, 125, 459–465,
https://doi.org/10.1007/s004420000470, 2000.

Jacob, D. J. and Wofsy, S. C.: Budgets of reactive nitrogen, hydrocarbons, and ozone over
the Amazon forest during the wet season, Journal of Geophysical Research: Atmospheres,
95, 16 737–16 754, https://doi.org/10.1029/JD095iD10p16737, 1990.

Jarvis, P.: The Interpretation of the Variations in Leaf Water Potential and Stom-
atal Conductance Found in Canopies in the Field, Philosophical Transactions of the
Royal Society of London. Series B, Biological Sciences, 273, 593–, https://doi.org/
10.1098/rstb.1976.0035, 1976.

Johansson, C.: Pine forest: a negligible sink for atmospheric NOx in rural Sweden, Tellus
B, 39B, 426–438, https://doi.org/10.1111/j.1600-0889.1987.tb00204.x, 1987.

Johnson, D., Woodruff, D., McCulloh, K., and Meinzer, F.: Leaf hydraulic conductance,
measured in situ, declines and recovers daily: Leaf hydraulics, water potential and stomatal
conductance in four temperate and three tropical tree species, Tree physiology, 29, 879–87,
https://doi.org/10.1093/treephys/tpp031, 2009.

Kavassalis, S. and Murphy, J.: Understanding ozone-meteorology correlations: A role for
dry deposition, Geophysical Research Letters, 44, https://doi.org/10.1002/2016GL071791,
2017.

Kelliher, F., Leuning, R., Raupach, M., and Schulze, E.-D.: Maximum Conductances for
Evaporation from Global Vegetation Types, Agricultural and Forest Meteorology, 73, 1–
16, https://doi.org/10.1016/0168-1923(94)02178-M, 1995.

Kennedy, D., Swenson, S., Oleson, K., Fisher, R., Lawrence, D., da Costa, A., and Gentine,
P.: Implementing Plant Hydraulics in the Community Land Model, Version 5, Journal of
Advances in Modeling Earth Systems, https://doi.org/10.1029/2018MS001500, 2019.

Lloyd Miner, G., Bauerle, W., and Baldocchi, D.: Estimating the sensitivity of stomatal con-
ductance to photosynthesis: A review: The sensitivity of conductance to photosynthesis,
Plant, Cell Environment, 40, https://doi.org/10.1111/pce.12871, 2016.

Lombardozzi, D., Bonan, G., Smith, N., Dukes, J., and Fisher, R.: Temperature acclimation
of photosynthesis and respiration: A key uncertainty in the carbon cycle-climate feedback,
Geophysical Research Letters, 42, https://doi.org/10.1002/2015GL065934, 2015.



CHAPTER 3. A MODEL-BASED ANALYSIS OF FOLIAR NOx DEPOSITION 68

Madronich, S. and Flocke, F.: The role of solar radiation in atmospheric chemistry, in
Handbook of Environmental Chemistry, edited by P, Boule, pp. 1–26, 1998.

Makar, P., Fuentes, J., Wang, D., Staebler, R., and Wiebe, H.: Chemical processing of bio-
genic hydrocarbons within and above a temperate deciduous forest, Journal of Geophysical
Research, 104, 3581–3603, https://doi.org/10.1029/1998JD100065, 1999.

Mallick, K., Jarvis, A., Fisher, J., Tu, K., Boegh, E., and Niyogi, D.: Latent Heat
Flux and Canopy Conductance Based on Penman-Monteith, Priestley-Taylor Equation,
and Bouchet’s Complementary Hypothesis, Journal of Hydrometeorology, 14, 419–442,
https://doi.org/10.1175/JHM-D-12-0117.1, 2013.

Marion, T., Perros, P., Losno, R., and Steiner, E.: Ozone Production Efficiency in Savanna
and Forested Areas during the EXPRESSO Experiment, Journal of Atmospheric Chem-
istry, 38, 3–30, https://doi.org/10.1023/A:1026585603100, 2001.

Medlyn, B., Duursma, R., Eamus, D., and Ellsworth, D.: Reconciling the optimal and
empirical approaches to modelling stomatal conductance, Global Change Biology, 2011.

Min, K.-E., Pusede, S. E., Browne, E. C., LaFranchi, B. W., and Cohen, R. C.: Eddy
covariance fluxes and vertical concentration gradient measurements of NO and NO2 over a
ponderosa pine ecosystem: observational evidence for within-canopy chemical removal of
NOx, Atmospheric Chemistry and Physics, 14, 5495–5512, https://doi.org/10.5194/acp-
14-5495-2014, 2014.

Nguyen, T., Crounse, J., Teng, A., Clair, J., Paulot, F., Wolfe, G., and Wennberg, P.: Rapid
deposition of oxidized biogenic compounds to a temperate forest, Proceedings of the Na-
tional Academy of Sciences, 112, E392–E401, https://doi.org/10.1073/pnas.1418702112,
2015.

Ninneman, M., Lu, S., Lee, P., McQueen, J., Huang, J., Demerjian, K., and Schwab, J.:
Observed and Model-Derived Ozone Production Efficiency over Urban and Rural New
York State, Atmosphere, 8, https://doi.org/10.3390/atmos8070126, 2017.

Oren, R., Ellsworth, D., Johnsen, K., Phillips, N., Ewers, B., Maier, C., Schäfer, K.,
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3.8 Appendix

Table 3.A1: Advection concentrations for the UMBS and BEARPEX-2009 scenarios

aSpecies UMBS (ppb) BEARPEX-2009 (ppb)

NO2 0.6 0.1—0.35b

O3 30 50

CH2O 1 1

CH3CHO 0.5 0.5

a. Species not shown have advection concentrations of zero.

b. For the BEARPEX-2009 case this was the maximum daily advection concentration reached

around 17 hrs, based on field observations of higher NOx plumes from near-by Sacramento in the

afternoon.

Table 3.A2: Reactions and rate constants used in the 1D multibox model

Reaction Rate constant

NO + O3 −−→ NO2 + O2 3.0× 10−12 exp(−1500/T )

NO2 + hv
O2−−→ NO + O3 See Text

O3 + hv
H2O−−→ O2 + 2 OH See Text

OH + O3 −−→ HO2 + O2 1.7× 10−12 exp(−940/T )

HO2 + O3 −−→ OH + 2 O2 1.0× 10−14 exp(−490/T )

OH + OH
M−−→ H2O2 k0 = 6.9× 10−31(T/300)−1

k∞ = 2.6× 10−11

Continued on next page
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Table 3.A2 – continued from previous page

Reaction Rate constant

OH + HO2 −−→ H2O + O2 4.8× 10−11 exp(250/T )

HO2 + HO2
M−−→ H2O2 + O2 3.5× 10−13 exp(430/T )

+1.7× 1033(M − [H2O])e1000/T

×[1 + 1.4× 10−21[H2O]e2200/T ]

H2O2 + OH −−→ HO2 + H2O 1.8× 10−12

H2O2 + hv −−→ 2 OH See Text

NO2 + OH
M−−→ HNO3 k0 = 1.49× 10−30(T/300)−1.8

k∞ = 2.58× 10−11

HO2 + NO −−→ OH + NO2 3.5× 10−12 exp(250/T )

NO2 + O3 −−→ NO3 + O2 1.2× 10−13 exp(−2450/T )

NO3 + NO2
M−−→ N2O5 k0 = 2.0× 10−30(T/300)−4.4

k∞ = 1.4× 10−12(T/300)−0.7

N2O5 + H2O −−→ 2 HNO3 2.0× 10−21

NO + NO3 −−→ 2 NO2 1.5× 10−11 exp(170/T )

N2O5 −−→ NO2 + NO3 Keq = 2.7× 10−27 exp(1100/T )

NO3 + hv −−→ NO + O2 See Text

NO3 + hv
2O2−−→ NO2 + O3 See Text

CO + OH
M,O2−−−→ CO2 + HO2 k0 = 5.9× 10−33(T/300)−1.4

k∞ = 1.1× 10−12(T/300)1.3

CH4 + OH −−→ CH3O2 + H2O 2.45× 10−12 exp(−1775/T )

CH3O2 + HO2 −−→ CH3OOH + O2 4.1× 10−13 exp(750/T )

CH3O2 + NO
O2−−→ CH2O + HO2 + NO2 2.8× 10−12 exp(300/T )

CH3OOH + OH −−→ CH2O + OH + H2O 0.3× 3.8× 10−12 exp(200/T )

CH3OOH + OH −−→ CH3O2 + H2O 0.7× 3.8× 10−12 exp(200/T )

CH3OOH + hv
O2−−→ CH2O + H2O + OH See Text

CH2O + OH −−→ CO + HO2 + H2O 5.5× 10−12 exp(125/T )
Continued on next page
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Table 3.A2 – continued from previous page

Reaction Rate constant

CH2O + hv
O2−−→ CO + 2 HO2 See Text

CH3CHO + OH
O2−−→ CH3C(O)O2 + H2O 5.4× 10−12 exp(135/T )

CH3C(O)O2 + NO2 −−→ PAN k0 = 9.7× 10−29(T/300)−5.6

k∞ = 9.3× 10−12(T/300)−1.5

CH3C(O)O2 + NO
O2−−→ NO2 + CO2 + CH3O2 8.1× 10−12 exp(270/T )

CH3C(O)O2 + CH3O2

−−→ CH2O + O2 + CH3OOH 1.3× 10−12 exp(640/T )

CH3C(O)O2 + HO2 −−→ O3 + CH3COOH 4.3× 10−13 exp(1040/T )

CH3C(O)O2 + CH3C(O)O2

−−→ O2 + 2 CO2 + 2 CH3 2.9× 10−12 exp(500/T )

CH3CHO + NO3 −−→ HNO3 + CH3COO2 1.4× 10−12 exp(−1900/T )

PAN −−→ CH3COO2 + NO2 Keq = 9.0× 10−29 exp(14000/T )−1

VOC + OH −−→ RO2 kOH

RO2 + NO
−−→ (1–α)HO2 + (1–α)NO2 + αRONO2 2.7× 10−12 exp(360/T )

RO2 + HO2

−−→ 0.5 ROOH + 0.5 O2 + 0.5 HO2 + 0.5 OH 2.06× 10−13 exp(1300/T )

RO2 + RO2
O2−−→ 1.2 CH3O2 + products 9× 10−14

RO2 + CH3O2
O2−−→ 0.6 CH3O2 + 0.6 HO2 + products 9× 10−14

VOC + NO3

−−→ β RONO2 + (1–β) NO2 + products kNO3
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Table 3.A3: Reactions and rate constants used in the simplified single box model

Reaction Rate constant

HO2 + HO2
M−−→ H2O2

+O2 2.74× 10−12

NO2 + OH
M−−→ HNO3 9.2× 10−12

RO2 + NO −−→ (1–α)HO2 + (1–α)NO2 + αRONO2 9.0× 10−12

RO2 + HO2 −−→ ROOH + O2 8.0× 10−12

RO2 + RO2
O2−−→ 1.2 CH3O2 + products 6.8× 10−14
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Figure 3.A1: Model predictions for the above canopy NOx mixing ratios (a) and fluxes (b)
for a LAI scaling factor of 0.25 (blue dash) and 1.5 (red solid).
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Figure 3.A2: Model predictions for the above canopy NOx mixing ratios (a) and fluxes (b)
for α = 0.01 (blue dash) and α = 0.1 (red solid).
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of NOx within the canopy relative to above-canopy concentrations (b) for an NO emission
rate of 10 ppt m s−1 (blue dash) and 1 ppt m s−1 (red solid).
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Figure 3.A4: Model predictions for the above canopy NOx mixing ratios (a) and fluxes (b)
for τ/TL = 8 (blue dash) and τ/TL = 1.2 (red solid).
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Figure 3.A5: Model predictions for the above canopy NOx mixing ratios (a) and fluxes (b)
for an lw scaling factor of 0.1 (blue dash) and 2 (red solid).
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Figure 3.A6: Model predictions for the above canopy NOx mixing ratios (a) and fluxes (b)
for krad = 0.6 (blue dash) and krad = 0 (red solid).
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acid formation, alkyl nitrate formation, and deposition in an environment with 0.1—0.2 ppb
NOx (a) and 20—30 ppb NOx (b).
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Chapter 4

Laboratory measurements of NO2
deposition to native California trees
and the role of forests in the NOx

cycle

Adapted from E. R. Delaria et al., Laboratory measurements of stomatal NO2 deposition
to native California trees and the role of forests in the NOx cycle, Atmos. Chem. Phys.
Discuss., 2020, 1–32, https://doi.org/10.5194/acp-2020-240, 2020.

4.1 introduction

Nitrogen oxides (NOx ≡ NO + NO2) are a form of reactive nitrogen that plays a major
role in the chemistry of the atmosphere. NOx catalyzes tropospheric ozone formation, con-
tributes to the production of photochemical smog, and influences the oxidative capacity of
the atmosphere (Crutzen, 1979). NOx is primarily emitted as NO through fossil fuel burning,
lighting, and soil microbial activity. The latter source is of particular importance in remote,
forested, and agricultural regions.

Understanding the fate of atmospheric NOx, in addition to its emission sources, is es-
sential for interpreting the impact of NOx on atmospheric chemistry. Prior studies have
demonstrated that NO2 can directly deposit to foliage via diffusion through stomata (e.g.,
Teklemmariam and Sparks, 2006; Chaparro-Suarez et al., 2011; Breuninger et al., 2013; De-
laria et al., 2018). The currently understood mechanism of this uptake process is as follows:
NO2 enters through the stomatal cavity and dissolves into the apoplastic fluid, forming ni-
trate, which then is reduced to ammonium by the enzyme nitrate reductase (Park and Lee,
1988; Ammann et al., 1995; Tischner, 2000; Lillo, 2008; Heidari et al., 2011). There is ev-
idence that NO2 may also be directly scavenged by antioxidants, most notably ascorbate
(Ramge et al., 1993; Teklemmariam and Sparks, 2006). These processes may be impacted
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by the leaf pH, which is known to change under conditions of limited water availability
(Bahrun et al., 2002). Experiments using 15N as an isotopic tracer have demonstrated that
absorbed NO2 is eventually assimilated into amino acids (Rogers et al., 1979; Okano and
Totsuka, 1986). Although the role of stomatal conductance (gs) in controlling the deposition
of NO2 is well-documented, the impact of the processes in the mesophyll–processes taking
place between the intercellular air space and the ultimate nitrogen assimilation site–on the
rate of uptake remains poorly resolved. The question of whether and how much mesophyllic
processes affect NOx budgets at the canopy scale thus persists.

The most divisive example of the mesophyll quandry is the sometimes-reported emission
of NOx from plants, mostly in the form of NO, at low NOx mixing ratios that would be
relevant to remote forested regions (Johansson, 1987; Rondón and Granat, 1994; Hereid and
Monson, 2001; Sparks et al., 2001; Teklemmariam and Sparks, 2006). This would, under
many conditions, indicate that trees instead serve as a constant source, rather than sink, of
NOx. However, this idea has been called into question by a number recent studies including
Lerdau et al. (2000), Chaparro-Suarez et al. (2011), Breuninger et al. (2013) and Delaria et al.
(2018). It is possible that the magnitude and direction of the NOx flux to leaves may vary
depending on the species and conditions. One such factor that has been suggested to impact
foliar emission and deposition of NOx is elevated soil nitrogen. Soil nitrate fertilization
has been documented to lead to an increase in nitrate reductase activity in the needles of
scots pine seedlings (Andrews, 1986; Pietilainen and Lahdesmaki, 1988; Sarjala, 1991). It
is possible that as a result of abundant nitrate fertilization, nitrate accumulates in leaves,
leading to emission or a reduction in uptake. For example, Chen et al. (2012) observed an
increase in NO emission and Teklemmariam and Sparks (2006) detected an increase of NO2

emission under conditions of elevated soil nitrate. Per contra, Joensuu et al. (2014) found
no evidence of fertilization-induced NOx emissions. No influence of soil nitrogen on either
NO2 or NO uptake has been documented at atmospherically relevant conditions (Okano and
Totsuka, 1986; Teklemmariam and Sparks, 2006; Joensuu et al., 2014).

In this study we present results from laboratory measurements of NO2 fluxes on ten
native California tree species–six conifers and four broadleaf trees–using a branch enclosure
system and laser-induced fluorescence (LIF) detection of NO2. Here we investigate the
relative influence of stomatal and mesophyllic processes on the total uptake rate of NO2

under atmospherically relevant conditions. Our aim is to assess the factors controlling NO2

foliar deposition and their ultimate impact on the NOx cycle. To test this, we measured
the NO2 deposition velocity over a range of stomatal conductances and considered evidence
for additional limits on the uptake rate. We also conducted experiments under drought and
elevated soil nitrogen and tested for indications of an NO2 compensation point or changes
in the apparent mesophyllic uptake limit.
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Figure 4.1: Figure of instrumental setup. Blue lines show the flow of gas that enters the
chamber and red lines show the flow of gas sampled from the chamber.

4.2 Methods

Tree specimens

Foliar deposition of NO2 was investigated in the laboratory using ten native California tree
species–Pinus sabiniana, Pinus ponderosa, Pinus contorta, Pseudotsuga menziesii, Calo-
cedrus decurrens, Sequoia sempervirens, Arbutus menziesii, Acer macrophyllum, Quercus
agrifolia, and Quercus douglasii. Three to six individuals of each species were purchased
from a local native California plant nursery (Native Here Nursery) or Forestfarm, where the
plants were grown from seeds and cuttings. The tree specimens were grown in a nutrient-rich
commercial soil mixture of Sun Gro Sunshine #4 and Supersoil potting soil in 20—40 liter
pots in an outdoor section of the Oxford facility greenhouse at the University of California,
Berkeley. The trees were 2—3 years old when measurements were taken. No additional
fertilizers or pesticides were used on the plants. Trees were transported into the lab for ex-
perimentation, where they were exposed to a 12 h light/dark cycle. Trees were illuminated
with an LED diode array of 430—475 and 620—670 nm lights (Apollo Horticulture). For the
deciduous trees (Q. douglassi, and A. macrophyllum) experiments were run between May
and September 2019. For all other species experiments were conducted year-round, between
October 2018 and November 2019.

LIF measurement of NO2 deposition fluxes
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Measurements were made with a dynamic chamber and Laser-Induced Fluorescence (LIF)
detection of NO2. A full description of our apparatus can be found in Delaria et al. (2018).
Briefly, an NO2 standard was mixed with humidified zero air (air filtered to remove NOx and
reactive species) and delivered to a ∼10 L chamber enclosing the branch of a tree at a total
flow rate of ∼6000 cm3 min−1 (Fig.4.1). The lifetime of air within the chamber was ∼ 2 min.
Humidity was adjusted by controlling the fraction of zero air that passed through a bubbler
filled with distilled water. The mixing ratios of NO2 entering the chamber were typically
0—10 ppb. Some of the air entering the chamber was diverted to cell #1 of the NO2 LIF
analyzer and two Licor instruments (6262 and 7000) for measuring the mixing ratios of NO2

and H2O/CO2, respectively in the in-flowing air stream, such that the flow rate of air directly
into the chamber was ∼5000 cm3 min−1. Air from the chamber was simultaneously pumped
out to cell #2 of the NO2 LIF analyzer and the Licor-7000 instrument for measuring the
mixing ratio of NO2 within the chamber and the change in CO2 and water vapor between
the in- and outgoing air streams, respectively (Fig. 4.1). A slight positive pressure was
maintained within the chamber to ensure lab air did not leak into the chamber.

Fluxes of NO2 to leaves were calculated according to (Eq.4.1—4.2):

Flux =
Q

A
([NO2]in − [NO2]out) (4.1)

Flux = Vd([NO2]out − [NO2]comp) (4.2)

where [NO2]in and [NO2]out are concentrations of NO2 entering and exiting the chamber,
respectively, [NO2]comp is the compensation point concentration, Q is the flow rate (cm3/s),
A is the enclosed one-sided leaf area, and Vd is the deposition velocity. The leaf area was
determined using the ImageJ software package (Schneider and Eliceiri, 2012) and the flow
rate was measured at the beginning of each experimental run (Mesa Laboratories 510-M Bios
Defender). Peroxyacetyl nitrate (PAN) and acetone were also delivered to the chamber for
simultaneous measurements of PAN stomatal deposition. Negligible thermal production of
NO2 was observed. The results of PAN deposition experiments will be discussed elsewhere.
The NO2 mixing ratio was also corrected for the differences in collisional quenching of the
excited state NO2 by water vapor in cells #1 and #2, caused by transpiration of the tree
within the chamber (Thornton et al., 2000).

[NO2]out,actual = [NO2]out,measured × (1 + 5∆XH2O) (4.3)

where ∆XH2O is the difference in the water vapor mole fraction between the chamber and
the incoming air stream.

Deposition velocities were determined using the method described in Delaria et al. (2018):
a weighted orthogonal distance linear regression was performed on NO2 fluxes (determined
using Eq. 4.1) against [NO2]out to obtain a slope equal to Vd. A positive x-intercept was
interpreted as evidence for a possible compensation point. During each day of experimen-
tation we stepped through at least 8 different NO2 concentrations, with each concentration
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step lasting for 40 minutes. Uncertainty in Vd was obtained through propagating uncer-
tainty in measured NO2 concentrations, Q, and A. The uncertainty in NO2 concentrations
was estimated as one standard deviation of variation in measurements during the last 10
minutes of each concentration step. The uncertainty in Q was estimated as <1 % and a 10%
uncertainty was estimated for the enclosed one-sided leaf area.

The deposition velocities measured can be related to the resistance-model framework for
deposition of trace gases developed by Baldocchi et al. (1987) (Eq.4.4—4.6).

Vd =
1

R
(4.4)

R = Ra +Rb +Rleaf (4.5)

1

Rleaf

=
1

Rcut

+
1

Rs +Rm

(4.6)

R is the total resistance to deposition, Ra is the aerodynamic resistance, Rb is the boundary
layer resistance and Rleaf is resistance to uptake by the leaf. Ra was assumed to be negligible
under our chamber conditions (Pape et al., 2009; Breuninger et al., 2012; Delaria et al.,
2018). Rleaf is made up of Rcut, Rs, and Rm. Respectively, these refer to the cuticular
resistance (resistance to deposition to the surface of the leaf), stomatal resistance (1/gs),
and mesophyllic resistance (resistance associated with all processes taking place within the
leaf that limit uptake).

Measurement of stomatal conductance

CO2 and water vapor exchanges were measured using the Licor 6262 and Licor 7000 instru-
ments. Measurements of water vapor exchange were used to calculate the transpiration rate
(E) and total conductance to water vapor (gwt ) using Eq. 4.7 and Eq. 4.8, according to von
Caemmerer and Farquhar (1981).

E =
Q

A

wa − we

1− wa

(4.7)

gwt =
E(1− (wi + wa)/2)

wi − wa

(4.8)

where wa and we are the mole fractions of water vapor of the outgoing and incoming
airstreams, respectively, and ωi is the internal leaf water vapor mole fraction. ωe was mea-
sured with the Licor-6262 with dry air as a reference and ∆ω (ωa − ωe) was measured with
the Licor-7000 with incoming air as the reference. ωi was assumed to be the saturation vapor
pressure at the leaf temperature, which was measured with a thermocouple at the surface
of an enclosed leaf. The chamber temperature was measured with a second thermocouple
and was typically 20±3◦C. The photosynthetic photon flux density (PPFD) was monitored
outside the chamber with a LiCor quantum sensor (LiCor LI-190SA) and was 1190µmol m2
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s1, approximately the PPFD for Berkeley, California, at noon during the month of October.
We performed calculations based on von Caemmerer and Farquhar (1981) to confirm this is
above the photon flux required to achieve maximal stomatal aperture for tree types relevant
to this study. Total conductance was calculated as the average over the light or dark period
of an experiment. The uncertainty in our calculation of total conductance to water vapor was
primarily influenced by uncertainty in the leaf temperature and the assumption of leaf water
vapor saturation. We observed fluctuations in the temperature of enclosed leaves of ±2◦C.
Total uncertainty in gwt was determined by propagating this uncertainty in leaf temperature,
which resulted in larger estimated uncertainties at larger chamber humidities, usually coin-
ciding with higher stomatal conductances. Chamber relative humidity was maintained at
less than 90% to minimize this effect. Variations in stomatal conductance were achieved by
varying the mole fraction of water vapor in the air delivered to the chamber. The Licor-6262
instrument was calibrated weekly using standard CO2 cylinders and the Licor-610 dewpoint
generator. The Licor-7000 instrument was calibrated daily.

The stomatal conductance (gws ) could then be calculated from Eq. 4.9:

1

gws
=

1

gwt
− 1

gwb
(4.9)

where 1/gwb is the boundary layer resistance to water vapor. The boundary layer resistance
to water vapor was estimated to be negligible under our experimental conditions, with an
upper bound of 0.6 s cm−1 determined using the methods described by Delaria et al. (2018).
Stomatal (gs) and total (gt) conductances to NO2 were calculated by scaling the values for
water vapor by the ratio of diffusivities in air (DNO2/DH2O) according to Massman (1998).

Nitrogen measurements

To test the influence of excess soil nitrogen on the ability of trees to take up nitrogen through
their stomata in the form of NO2, we fertilized three individuals of both Quercus agrifolia and
Pseudotsuga menziesii with a 20 mM ammonium nitrate solution. The trees were watered
with 250 ml of this ammonium nitrate solution three days per week. Three individuals
of each species were watered with DI water as the control group. The trees underwent
this fertilization treatment for 120 days before beginning dynamic chamber measurements
on NO2 foliar deposition. NO2 deposition experiments were conducted for 70 days, during
which time the soil fertilization treatments were continued.

Soil nitrogen

Approximately 5 mg of a soil core sample was taken each day from the individual on which
we conducted an NO2 deposition experiment. The soil was sifted through a mesh 2 mm
sieve. Soil nitrate and ammonium were extracted by shaking ≈2.5 mg of the soil sample
in 30 ml of ≈ 2M KCl for one hour, followed by filtering the samples through a Whatman
No.1 filter paper. The other ≈2.5 mg was dried in a drying oven at 60°C for at least 48
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hours. The mass of the soil after drying was measured to determine the percentage dry mass
of the extracted soil sample. Six KCl blanks, 3 KCl samples spiked with 5 mL (low QC),
and 3 KCl samples spiked with 10 mL KCl (high QC) were carried through the extraction
process to serve as quality controls (QC samples). NH+

4 and NO−3 were measured using a
colorimetric synthesis following the method of Sims et al. (1995) and Decina et al. (2017).
Briefly, a standard 1 ppm stock solution of ammonium nitrate was made from ammonium
nitrate solid dissolved in milli-q water, and was diluted to 0, 0.1, 0.2, 0.3, 0.4, and 0.5 mg/L
in 1 cm, 2.5 mL cuvettes. These standard solutions served as the calibration standards;
we made three sets of calibration standards for both ammonium and nitrate analysis. All
glassware was acid washed in a 1M solution of HCl prior to all measurements and extractions
to prevent contamination.

For ammonium analysis, 160 µL of each soil extraction sample from the control group,
10 µL from the fertilizer-treated group, and 1.6 mL of the QC samples were pipetted into
individual cuvettes. 100, 200, 100, and 500 µL of 0.2 M citrate, 5 mM nitroprusside, 0.3
M hypochlorite reagents, and milli-q water, respectively, were then added sequentially into
each cuvette. The cuvettes were filled to a final volume of 2.5 mL with KCl, and the samples
were allowed to sit for 30 min. For nitrate measurements, 320 µL and 10 µL of soil samples
from the the control and fertilized groups, respectively, and 1550 µL of the QC samples, were
pipetted into separate cuvetts. 950 µL of a regent containing 1g/L vanadium chloride and
25 mg/L N-(1-Naphthyl)ethylenediamine (NEDD) was subsequently added to each cuvette,
which were then filled to a final volume of 2.5 mL with KCl and allowed to sit for 24 hrs.
160 µL and 320 µL of a control Q. agrifolia soil extraction sample were added to one set of
calibration standards for ammonium and nitrate analysis, respectively, to test the effects of
the soil matrix on the calibration.

Concentrations of ammonium and nitrate in each sample were determined with colori-
metric measurements using a custom built spectrophotometer. The spectrophotometer light
source was a broad spectrum quartz tungsten-halogen lamp (QTH10 Thorlabs Inc.). The
absorption of each sample and standard was measured with the light source passing through
a 540 ± 2 nm bandpass filter (FB570-10 Thorlabs Inc.) for nitrate analysis or a 670 ± 2 nm
bandpass filter (FB540-10 Thorlabs Inc.) for ammonium analysis.

Uncertainty analysis

Concentrations of ammonium and nitrate in the soil extraction samples were determined
from the slope in their respective calibration curves. The calibrations for ammonium and
nitrate analysis had respective uncertainties of 7% and 5%. The slopes of the calibration
curves with added sample from a Q. agrifolia soil extraction were not statistically different
from those containing only standards, allowing us to exclude the possibility of interference
from the soil matrix.

The accuracy uncertainty in the high and low QC samples were 3% and 11%, respectively
for anmmonium measurements, and 3% and 12% for nitrate measurements. We estimated
the resulting uncertainty for cuvette samples with less than 0.15 mg/L NH+

4 or NO−3 (≈ 1.8
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µg/mg soil NH+
4 or NO−3 ) to be 15%. Samples with larger concentrations were estimated to

have 5% uncertainty. The blank quality control standards contained 0.04 mg/L ammonium
and nitrate. This was blank-subtracted from each sample.

Leaf nitrogen

After deposition experiments were completed the leaves were removed from the trees and
dried for 48 hours in a drying oven. The leaves were then ground to a fine powder and the
percent nitrogen, hydrogen, and carbon content were measured with a ICP Optima 7000 DV
instrument.

Drought stress

Calocedrus decurrens and Pinus ponderosa were drought stressed to study the impact of
drought on NO2 deposition. Three individuals of each species were watered daily (control
group) and three individuals of each species were watered with 250 mL once every four weeks
(drought group). Limited-water treatment of the drought group was carried out for 60 days
before conducting dynamic chamber experiments for NO2 foliar deposition. NO2 deposition
experiments were run for 30-40 days. During the experiments, the control group was watered
50 mL daily and the experimental group was watered 50 mL once every two weeks. The
P. ponderosa drought-stress experiments took place between March and June 2019. The C.
decurrens drought stress spanned from August to December 2019.

The xylem water potential (Ψp) of the trees were monitored to measure the drought
stress level of the trees using a Scholander pressure chamber (Model 670 PMS Instr. Comp.).
Leaves were cut, wrapped in aluminum foil, and then inserted into the pressure bomb. The
Ψp of cuttings were measured around 11:00AM each day. A Ψp measurement lower than -1.0
MPa indicated signs of drought stress in the P. ponderosa. The C. decurrens did not show
evidence of drought stress in Ψp measurements while in the greenhouse, however, early signs
of embolism were observed.

4.3 Results

Vd was calculated for each day of measurements with a weighted linear regression of measured
fluxes and chamber NO2 concentrations (Delaria et al., 2018). No statistically significant
compensation point was observed under any experimental condition for the majority of the
species studied, in agreement with previous work (Chaparro-Suarez et al., 2011; Breuninger
et al., 2013; Delaria et al., 2018). Only P. menziesii was found to have a compensation
point, estimated to be 20 ppt, but this concentration is below the limit of quantification
for our instrument and we believe this measurement to be consistent with a compensation
point of zero. Vd and gs measurements allowed for consideration of whether the deposition of
NO2 is exclusively stomatally controlled, or is also affected by the internal processing in the
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mesophyll. We rarely observed total closing of the stomata when the chamber lights were
turned off at night. All of the deposition observed at night could be explained by deposition
to these partially open stomata. This is consistant with previous studies observing only
partial closing of stomata at night in a variety of plant species (Dawson et al., 2007; Drake
et al., 2013) . The results of experiments are show in (Table 4.1).

Measurements of mesophyllic resistance

We utilized two methods of examining the importance of the mesophyllic resistance on the
deposition of NO2. Figure 4.2 shows the predicted stomatal-limited NO2 deposition fluxes,
assuming negligible Rb and Rm (Flux = gt[NO2]out) plotted vs. the measured NO2 fluxes.
Our upper bound measurement of Rb for NO2 is 1 s cm−1 (0.6 s cm−1 for water vapor). This
was calculated by measuring the deposition of NO2 to a 30 cm2 tray of activated charcoal. Rb

decreases with the enclosed leaf area according to Pape et al. (2009), which at a minimum
was 200 cm2. The maximum Rb in the chamber should thus be ≈0.1 s cm−1. Assuming
gs = gt would lead to a maximum of a 6% error in the calculated gs assuming a gt of 0.6
cm s−1 and Rb of 0.1 s cm−1. Any deviation from unity in the observed slope of predicted
vs. measured fluxes can thus be attributed to Rm. Significant deviations from unity can be
seen in several species, most notably S. sempervirens (Table 4.1 and Fig. 4.2). Slopes were
calculated using a weighted average of the slopes obtained from a least squares cubic weighted
fit of each individual experiment (Table 4.1). Some experiments were excluded (shown in
red in Fig. 4.2), as they were determined to be outliers by a generalized extreme studentized
deviate test for outliers. Identified outliers were excluded to account for potentially erroneous
deviations in the Vd/gt ratio due to systematic error in the daily calibration of the Licor-7000
instrument, which we believe to be the primary cause of the relationships observed above
the 1:1 line. The only physical explanation of points above the 1:1 line would be substantial
cuticular deposition, which we did not observe any evidence for at low stomatal conductances
in our experiments. Outliers were also excluded and to avoid over-weighting of days with
abnormally large stomatal conductances. These instances normally coincided with low Vd/gt
ratios, and if these data were also subject to some systematic error, would bias our analysis
of Rm.

Rm was also explicitly calculated using the relationship of Vd and gt. Figure 4.3 shows
Vd from each day of experiments plotted against the measured gt. Deviations from the 1:1
line are attributable to the mesophyllic resistance. Rm was calculated with a weighted fit of
the resistance model:

Vd =
1

Rc

+
1

( 1
gs

+Rm)
(4.10)

No significant cuticular resistances were observed so only results of Rm are recorded (Table
4.1). Rm was calculated both assuming negligible Rb (gs = gt) and Rb = 1 s cm−1. There
were no significant differences between these two calculations (Table 4.1).
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Figure 4.2: Measured fluxes (mflux) plotted against stomatal-limited predicted fluxes
(pflux). Blue solid lines are the linear fit to data. Red lines are the 1:1 line. Error bars for
the measured fluxes are calculated by propagating uncertainty in the measured NO2 mixing
ratios, the flow rate, and the leaf area (Eq. 4.1). Error bars for the predicted fluxes are
calculated by propagating uncertainties in the measured NO2 mixing ratios and the total
conductance (Eq. 4.8). Red markers indicate data determined to be outliers by a generalized
extreme studentized deviate test for outliers.
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Figure 4.3: Deposition velocities plotted against measured stomatal conductances to NO2.
Black markers represent measurements in zero air and red-yellow markers are measurements
in helium. Solid blue lines are the 1:1 line and dashed blue lines are error weighted fits to
the resistance model using only measurements in zero air (Eq. 4.4). Fits to the resistance
model including data from helium measurements are shown as dashed red lines.
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Figure 4.4: The Vd/gt ratio is plotted against soil nitrogen concentration in the form of
NH+

4 and NO−3 for (a) Q. agrifolia and (c) P. menziesii. The Vd/gt ratio is plotted against
the leaf nitrogen:carbon ratio for (b) Q. agrifolia and (d) P. menziesii. On each pannel the
Pearson’s correlation coefficient and the p-value for the slope are shown. The amount of soil
and leaf nitrogen has no significant impact on the Vd/gt ratio.

Table 4.2: Average soil and leaf nitrogen

treea soil NH+
4 soil NO−3 leaf N leaf C

µg/mg µg/mg % %

QA control 3.0± 0.5 3 ± 1 1.1 ± 0.1 47.7 ± 0.2
QA high N 300± 60 170 ± 30 2.4 ± 0.5 48.1 ± 0.2
PM control 2.7 ± 0.8 2.0 ± 0.5 1.3 ± 0.2 56 ± 9
PM high N 190± 43 80 ± 20 4.7 ± 0.2 45.9 ± 0.4

a. QA is Q. agrifolia and PM is Pseudotsuga menziesii .

Effects of excess soil nitrogen

The impact of soil fertilzation on the foliar uptake of NO2 by two tree species, Q. agrifolia
and P. menziesii, was examined by watering a control group of both species with deionized
water and a fertilized group with 20 ppm ammonium nitrate. On average, the soil nitrogen
concentrations of NH+

4 and NO−3 were 100x larger for the fertilized groups than the control
groups (Table 4.2). The percentage of leaf nitrogen content approximately doubled between
the control groups and the fertilized groups (Table 4.2).

The effect of soil nitrogen fertilization and leaf nitrogen content on the ratio of Vd/gt
is shown in Fig. 4.4. No significant relationship (α = 0.01) was observed for either Q.
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Figure 4.5: [NO2]comp is plotted against soil nitrogen concentration in the form of NH+
4

and NO−3 for (a) Q. agrifolia and (c) P. menziesii. [NO2]comp is plotted against the leaf
nitrogen:carbon ratio for (b) Q. agrifolia and (d) P. menziesii. On each pannel the Pearson’s
correlation coefficient, the slope, the intercept, and their p-values are shown. The amount
of soil and leaf nitrogen has no significant impact on the compensation point.

agrifolia of P. menziesii, suggesting the mesophyllic processing of NO2 is unaffected by soil
or leaf nitrogen content. We also observe no increase in the compensation point of NO2 as
a result of higher leaf nitrogen content or elevated soil nitrogen (Fig. 4.5). The trees on
which we conducted these experiments were observed to behave consistently up to the point
of embolism.

Drought stress measurements

The impact of drought stress on NO2 foliar uptake for C. decurrens and P. ponderosa was
observed by regularly watering a control group and watering an experimental, drought group
at much lower frequency (once every 4 weeks in the greenhouse, and once every 2 weeks in
lab). The median Ψp measured was lower for the drought groups than the control groups
(Table 4.3), C. decurrens drought median Ψp was -0.80 MPa compared to control median of
-0.30 MPa, and P. ponderosa drought median was -1.05 MPa compared to control median
of -0.60 MPa. The first quartiles of the control groups and third quartiles of the drought
groups do not overlap, reflecting a significant difference between the Ψp measurements of
the two groups. We also observed a strong correlation between measured Ψp and stomatal
conductance. We find a more substantial impact of drought on the water potentials, and of
the water potentials on the stomatal conductance, in P. ponderosa trees than C. decurrens.
Both these California conifer species are quite drought resistant (Pharis, 1966; Kolb and
Robberecht, 1996; Maherali and DeLucia, 2000), but these results may indicate C. decurrens
is particularly protected against water loss.
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The mesophyllic resistance (Rm) calculated showed a statistically significant difference
for both C. decurrens and P. ponderosa. Rm in drought-stressed C. decurrens increased
from 0.37 s cm−1 to 1.17 s cm−1, while in P. ponderosa Rm decreased from 0.86 s cm−1 to
0 s cm−1. The effects on calculated Rm are also reflected in the relationship of measured
conductance (gt) and deposition velocity (Vd) (Fig. 4.A4).

4.4 Discussion

Effects of mesophyll resistance on the lifetime of NOx

The mesophyllic resistances (Rm) for each of the ten tree species measured are calculated
from Fig. 4.3 and Eq. 4.10 and are tabulated in Table 4.1, assuming either gs = gt or the
upper bound for Rb. The slopes of predicted fluxes vs. measured fluxes, calculated in Fig.
4.2, are also tabulated in Table 4.1. The importance of the mesophyllic resistance and internal
processing of NO2 can be evaluated by examining both Rm and the slope of measured vs.
predicted fluxes. We also examined the potential impact of the mesophyllic processing of NO2

by considering the Pearson’s correlation coefficient between gt and the slope of measured vs.
predicted fluxes measured on each day an experiment was run. These correlation coefficients
can be found in Table 4.1. The more negative this correlation, the greater the deviation in the
slope from unity for higher values of gt, consistent with larger impact of the mesophyll on the
NO2 uptake rate. All tree species except for C. decurrens, Q. agrifolia, and Q. douglasii show
statistically significant correlations (α = 0.05) (Table 4.1). Rm becomes more important at
larger stomatal conductances (lower stomatal resistances), as can be seen with the increasing
deviations from 1:1 in some species at higher values of gt in Fig. 4.3. Thus, even for trees
with higher calculated Rm, the impact of mesophyllic processing is unlikely to be large if
the maximum stomatal conductance observed is relatively small, resulting in a slope in the
measured vs predicted flux that does not deviate greatly from unity. This is the case for Q.
agrifolia and P. ponderosa. Alternatively, P. sabiniana demonstrates a case of a relatively
small Rm, but also a smaller slope in measured vs. predicted fluxes, driven by consistently
larger stomatal conductances (lower Rs) (Fig. 4.3). However, the greater uncertainty in
measurements of stomatal conductance at a larger chamber humidity calls in to question the
accuracy of many gt measurements larger than approximately 0.4 cm s−1.

To evaluate with greater certainty the relationship of Vd and gt, we conducted a set of
experiments in helium to raise the stomatal conductance by increasing the gas diffusivities
while maintaining relatively lower chamber humidity. These experiments were conducted on
four of the tree species: P. sabiniana, S. sempervirens, Q. agrifolia, A. macrophyllum and A.
menziesii. In these experiments the Vd/gt ratio for A. menziesii and P. sabiniana remained
close to 1:1 up to 0.4 and 1.3 cm s−1 stomatal conductance, respectively (Fig. 4.3). We
therefore suspect negligible contribution of the mesophyll to deposition to these two species.
The only sizable impact of mesophyllic NO2 processing is seen in S. sempervirens, with a
large calculated Rm and a frequently high gt (Fig. 4.3), resulting in a slope of measured vs.
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predicted fluxes of 0.6–considerably below unity.
Currently, atmospheric models incorporate a mesophyllic resistance to NO2 of 0.1 s cm−1

(Zhang et al., 2002). This would result in slope of measured vs. predicted fluxes of 0.94, even
with a relatively large average gt of 0.6 cm s−1. The median slope measured in our study
was 0.89. Using the model presented in Delaria and Cohen (2020), we investigated whether
our results could possibly imply a more important impact of the mesophyllic resistance on
the atmospheric fate of NOx at the canopy level. The model was run using meteorological
conditions for June measured during the BEARPEX-2009 campaign, located at a ponderosa
pine forest in the western foothills of the Sierra Nevada mountain range (38°58’42.9”N,
120°57’57.9”W, elevation 1315 m). The model was initialized over two days and data from
the third day was analyzed. We conducted two model runs at a stomatal conductance (gs)
to NO2 deposition of 0.3 cm s−1–the median measured maximum stomatal conductance
excluding P.sabiniana–with an Rm of either 0.1 or 0.6 s cm−1–the median measured Rm

excluding P. sabiniana. For a stomatal conductance to NO2 of 0.3 cm s−1 (≈ 0.5 cm s−1 to
water vapor) the model predicts only a 2.5% decrease in NOx lost to deposition with an Rm

of 0.6 compared with an Rm of 0.1 s cm−1. The lifetime to deposition with an Rm of 0.1 and
0.6 s cm−1 was 30.5 hr and 32.2 hr, respectively, representing only a 6% difference. The total
atmospheric lifetime of NOx in the boundary layer with an Rm of 0.1 and 0.6 s cm−1 was 4.86
hr and 4.89 hr, respectively, representing only a 0.6% difference. Even the observed seemingly
significant mesophyllic resistance of S. sempervirens is therefore likely to be irrelevant at the
canopy-scale. Contributions from mesophyllic processing, though mechanistically important
at a cellular level, are likely to not matter at the canopy-scale. We therefore suggest that on
canopy, regional, and global scales, mesophyllic processes within leaves represent a negligible
contribution to NOx budgets and lifetimes.

Effects of excess soil nitrogen

We observed no effects of soil nitrogen, in the form of NH+
4 and NO−3 , or the leaf nitrogen

content on the ratio of Vd/gt (Fig. 4.4) for either Q. agrifolia or P. menziesii. Changes in
this ratio would indicate an effect on the mesophyllic resistance. All variation in the uptake
rates (Vd) could be explained exclusively with deviations in gt. We did observe declines
in gt in the fertilized group relative to the control group during the later stages of experi-
mentation, which coincided with observable evidence of plant stress (e.g., browning, wilting,
and beginning signs of embolism). These results are supported by previous studies which
have also found a negligible impact of nitrogen fertilization on NO2 uptake (Teklemmariam
and Sparks, 2006; Joensuu et al., 2014). This suggests that the mechanism of NO2 uptake
via dissolution and subsequent reduction of NO−3 and NO−2 is likely not bidirectional, nor
influenced by accumulation of NO−3 and NO−2 within the mesophyll. It seems likely that
either the disproportionation step and scavenging by antioxidants (e.g. ascorbate) are the
rate limiting steps in the mesophyllic processing of NO2, or that under biologically relevant
conditions nitrate reductase is not saturated. This finding further supports that reactions
within the mesophyll are atmospherically unimportant.
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We also did not observe any evidence for a relationship between the NO2 compensation
point and the soil nitrogen content nor the leaf nitrogen content (Fig 4.5) for either Q.
agrifolia or P. menziesii. In general, we only observed uptake and no emission of NO2.
We also conducted measurements of NO uptake and emission, but the fluxes measured
were so small they were below the limit of quantifcation for our instrument. Chen et al.
(2012) observed a strong relationship between NO emissions from stomata and soil nitrate
fertilization. However, the maximum NO emissions they measured were a factor of 50 lower
than the deposition of NO2 measured here. NO emission from leaves is therefore not likely to
be a significant source of atmospheric NOx. P. menziessi was the only tree examined in our
experiments that demonstrated any evidence for emission of NO2 at low mixing ratios, with a
compensation point of ≈ 20 ppt. This concentration is much lower than has been observed in
previous studies that have detected an NO2 compensation point (Hereid and Monson, 2001;
Teklemmariam and Sparks, 2006). However, this concentration is near the limit of detection
for our instrument (Delaria et al., 2018) so should be taken cum grano salis. A possible
cause for discrepancy between our study and those that have measured significant NO2

compensation points is that our experiments are conducted only using photosynthetically
active radiation. Some past work has demonstrated that UV light may cause photolysis of
nitrate at the leaf surface and subsequent emission of NOx (Hari et al., 2003; Raivonen et al.,
2006). The lack of a relationship between NOx emission and soil N fertilization contrasts
with the results of Teklemmariam and Sparks (2006), but is consistent with the nitrogen
fertilization experiments conducted by Joensuu et al. (2014).

Effects of drought stress

Although there was a statistically significant impact of drought stress on Rm, this is unlikely
to be atmospherically relevant for reasons stated above. Additionally, in the case of P.
ponderosa, the lack of measurements at larger gt is likely to mask any existing mesophyllic
effects, leading to minimal deviation in Vd/gt from unity (Fig. S4). Despite a calculation of
significant mesophyllic resistance in both drought and control C. decurrens individuals, the
lack of a statistically significant (α = 0.05) correlation between gt and Vd/gt casts doubt on
this relationship. The impact of drought on NO2 uptake at the leaf-level is thus exclusively
its affect on the stomatal conductance. At the canopy-level, documented affects of drought
on leaf area also requires consideration (Pharis, 1966; Kolb and Robberecht, 1996; Maherali
and DeLucia, 2000).

Effects of nighttime stomatal deposition

Most atmospheric chemical transport models, such as the abundantly utilized WRF-Chem
and GEOS-Chem, use the Wesley model for parameterizing dry deposition of gaseous species
(e.g., Skamarock and Powers, 2008; Fast et al., 2014; Amnuaylojaroen et al., 2014; Ng et al.,
2017). These models implicitly assume the stomata are fully closed at night, despite more
recent studies demonstrating many species of vegetation maintain partially open stomata
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Figure 4.6: Fraction of NOx loss to deposition and chemistry (nitric acid, alkyl nitrate, and
peroxyacyl nitrate). The four dashed lines between the deposition and chemistry fractions
show NOx loss with a nighttime NO2 deposition velocity of 0.004, 0.009, 0.038, and 0.087
cm s−1. These deposition velocities respectively represent the minimum, first quartile, third
quartile, and maximum of the median nighttime deposition velocities measured for the native
California trees examined in this study.

at night (Musselman and Minnick, 2000; Dawson et al., 2007; Fisher et al., 2007; Drake
et al., 2013). We find minimal cuticular deposition of NO2, in agreement with several other
studies (Sparks et al., 2001; Chaparro-Suarez et al., 2011). However, field observations have
shown that substantial nighttime deposition of NO2 is necessary to explain nighttime levels
of NOx (Jacob and Wofsy, 1990). The same phenomenon has been seen with other gaseous
molecules, most notably PAN, which has also been observed to have a non-zero deposition
at night (Wolfe et al., 2009; Crowley et al., 2018). Laboratory studies have measured zero
PAN cuticular deposition (Sparks et al., 2003).

To assess the impact of nighttime stomatal opening on the atmospheric fates and lifetimes
of NOx at night, we ran our 1-D multibox canopy model, under the conditions described
above, at the minimum, maximum, 25th percentile, and 75th percentile of the median night-
time deposition velocities measured in this study (0.004, 0.087, 0.009, and 0.038 cm s −1,
respectively). At such a low degree of stomatal opening, we found these deposition velocities
to be statistically equivalent to the stomatal conductance to NO2. The fractions of NOx

loss to deposition and chemistry to these levels of stomatal opening at night are shown in
Fig. 4.6. Here chemistry represents loss to HNO3, RONO2, and PAN, and nighttime is
defined from 20:00 — 05:00. The range between the first and third quartile of the nighttime
deposition observed results in a range in the fraction of NOx loss to deposition from 13% to
25% and a range in lifetime from ≈ 7.5—5 hrs (Fig 4.6).

The relatively large impact of the nighttime stomatal conductance on the fate of NOx,
coupled with the large degree of inter-species variation in nighttime stomatal opening, indi-
cates a need for more extensive studies of the nighttime deposition of NO2. Deposition is
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a permanent sink of atmospheric NOx, contrasting with the major chemical nighttime sink
of NOx to PAN formation. The relative fractions of nighttime NOx loss to deposition and
PAN formation would thus be likely to have a substantial impact on the fate of atmospheric
NOx and the cycling of NOx.

Impacts on the nitrogen cycle in California

To our knowledge, this is the first study conducted on NO2 stomatal deposition to native
California tree species, except for Q. agrifolia (Delaria et al., 2018). However, there are
many measurements of the stomatal conductance of Californian trees. Murray et al. (2019)
examined patterns in maximum gws (max gws ) across bioclimatic zones. Among the species
they looked at were A. menziesii, A. macrophyllum and Q. agrifolia, for which they measured
an average max gws of 550 mmol m−2 s−1, 420 mmol m−2 s−1, and 390 mmol m−2 s−1,
respectively. In comparison, our measurements of max gws for these species were, respectively,
210 ± 10 mmol m−2 s−1, 400 ± 100 mmol m−2 s−1, and 90 ± 20 mmol m−2 s−1. Our estimates
of max gws for A. menziesii and Q. agrifolia are substantially lower. A possible explanation
of this is that measurements of these tree species Murray et al. (2019) were collected from
subspecies near the California coast, which has a considerably more humid climate, compared
to our trees, which were grown from seeds sourced from the much drier inland Mt. Diablo
foothills region. Murray et al. (2019) also selected a single leaf on several individuals of the
species measured, whereas our max gws measurement were conducted at the branch level.
Maire et al. (2015) determined a maximum stomatal conductance for A. menziesii of 150
mmol m−2 s−1, much closer to our measurements. For Quercus and Acer species in similar
climate regions to where our trees were sourced from, Maire et al. (2015) calculated max
gws ranging from 103—890 mmol m−2 s−1 and 112—320 mmol m−2 s−1, respectively. Henry
et al. (2019) measured a similar maximum stomatal conductance of Q. agrifolia to our study
of 95 mmol m−2 s−1. Maire et al. (2015) also measured a maximum stomatal conductance to
water vapor for P. ponderosa and S. sempervirens of 124 mmol m−2 s−1 and 91 mmol m−2

s−1, respectively–considerably smaller than the values measured in this study. Ambrose et al.
(2010) measured a max gws for S. sempervirens of 240 mmol m−2 s−1, in better agreement
with our measurements. P. ponderosa stomatal conductance measurements reported in this
study were in very good agreement with the stomatal conductance measured during the
BEARPEX-2009 campaign in a ponderosa pine dominated forest during a wet year (Min
et al., 2014; Delaria and Cohen, 2020). The median of max gws for all four angiosperms we
measured was 200 mmol m−2 s−1 , in good agreement with the 250 mmol m−2 s−1 median of
all angiosperms in Mediterranean climate regions found by Murray et al. (2019) and the 215
mmol m−2 s−1 median found by Maire et al. (2015). Our median for the six gymnosperms
measured was 230 mmol m−2 s−1, considerably larger than the median 100 mmol m−2 s−1

max gws found by Maire et al. (2015) in Meditteranean climate regions (defined as warm
temperature steppe regions as classified by Kottek et al. (2006)). This may have been
because our trees were well-watered and grown under optimal conditions, and it is possible
the max gws values measured in the field did not adequately reflect the true species max gws .
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Figure 4.7: (left) Average midday deposition fluxes of NO2 to forests in June throughout
California. (right) Average midday deposition lifetimes of NOx assuming a uniform 1 km
boundary layer height in June throughout California. White areas are non-forested areas.

Overall, the stomatal conductances to water vapor measured in our laboratory experi-
ments falls within the ranges of max gws measured in previous studies–although significant
inconsistencies exist in the current literature. Possible discrepancies may have resulted from
the location each species were measured, growing conditions, ages of the trees, etc. Nev-
ertheless, our NO2 deposition results–and their applicability to mature trees in California
forests–are bolstered by the fact that our max gws measurements fall within the ranges
measured for for mature trees in the field. To assess the impact of the lab-measured depo-
sition velocities on the NOx cycle in California, we used our measurements of maxVd and
medVd(night) to estimate the flux and lifetime of NOx to deposition in forests throughout
the state during the day and night, respectively (Fig. 4.7, Fig.4.8 ).

The average deposition flux to trees in California was calculated via Eq.4.11

Fdep = [NO2]× Vdeff × LAI × land cover (4.11)

Leaf area index (LAI) data was obtained from MCD15A2H Version 6 Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) Level 4 product (Myneni et al., 2015) (Fig. S3).
The NO2 surface concentration over California was obtained from the OMI satelite using
the BEHR product (Laughner et al., 2018) (Fig. S3). Land cover data was obtained from
NLCD Land Cover (CONUS) for 2016 (Yang et al., 2018) (Fig. S1). The land cover data
set was modified such that there were only two land categories: forest and not forest. Only
forested sites were considered. Tree counts were obtained from the USDA Forest Service
Forestry Inventory Analysis Database (for, 2014) (Fig. S2). For each plot in the Forest Ser-
vice Inventory that contained more than 50% of the trees measured in our study, a weighted
averaged effective deposition velocity to NO2 (Vdeff) was calculated from the max Vd listed
in Table 4.1 (Fig. S3). Data was interpolated to a 500m grid. The resulting midday fluxes
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Figure 4.8: (left) Average midnight deposition fluxes of NO2 to forests in June throughout
California. (right) Average midnight deposition lifetimes of NOx assuming a uniform 100 m
boundary layer height in June throughout California. White areas are non-forested areas.

throughout California are shown in Fig. 4.7 and midnight fluxes are shown in Fig. 4.8. The
greatest fluxes predicted are near the San Francisco Bay Area, where there are high NOx

concentrations, and also a relatively high forest LAI for an urban region (Fig. S3). Similar
hotspots can be seen near Los Angeles in the inland chaparral regions. Large fluxes are also
predicted in the foothill forest region of the Sierra Nevada mountain range, where there is
a a large LAI, and frequent occurances of P. sabiniana, the tree having the largest Vd (Fig.
S2, Fig. S3). Relatively large fluxes occur in this region particularly during the nighttime.

The resulting lifetime of NO2 to deposition is calculated via Eq. 4.12

τdep = PBL (Vdeff × LAI × land cover)−1 (4.12)

where PBL is the planetary boundary layer height. The lifetimes to deposition during the
day for a uniform PBL height of 1 km are shown in Fig. 4.7. In forested regions the lifetime
to deposition is approximately 10 hrs. This is especially significant in the near-urban San
Francisco Bay, where deposition is competitive with the chemical sinks of HNO3 and RONO2

formation, which typically represent a lifetime to NOx loss of 2-11 hrs (e.g., Nunnermacker
et al., 2000; Dillon et al., 2002; Alvarado et al., 2010; Valin et al., 2013; Romer et al., 2016;
Laughner and Cohen, 2019). The lifetimes to deposition during the day for a uniform PBL
height of 100 m are shown in Fig. 4.8. With a reduced boundary layer during the night, the
lifetime to NOx to deposition is on the same order as the deposition lifetime during the day
(10—100 hr), representing a very significant permanent loss of NOx from the atmosphere
when compared with the overall NOx lifetime at night (Brown et al., 2004, 2006; Crowley
et al., 2010).
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4.5 Conclucions

We present measurements assessing the relative effects of stomatal diffusion and mesophyllic
processing of NO2 on the uptake rate of NO2. We find that the deposition velocity of NO2

is essentially equal to the stomatal conductance to NO2 under conditions of drought, excess
soil nitrogen, variations in vapor pressure deficit, and in both the day and night. We find no
evidence of any emission of NO2 from leaves. NO2 foliar exchange is thus uni-directional and
variations are driven–from an atmospheric perspective–nearly entirely by the rate of diffusion
through open stomata. This opens the possibility of using direct measurements of stomatal
conductance, known relationships of the effects of environmental conditions on stomatal
opening, as well as indirect measurements, such as satellite solar-induced fluorescence data to
infer NOx foliar exchange. Additionally, we find significant differences in deposition velocities
between species, reflecting differences in maximum stomatal conductance measurements that
have been found by a number of previous studies (e.g., Ambrose et al., 2010; Maire et al.,
2015; Henry et al., 2019; Murray et al., 2019). This diversity is not reflected in current
atmospehric models, and may have a meaningful impact on estimates of regional NOx fluxes
and lifetimes. Our observations of stomatal opening in the absence of light also suggests
foliar deposition serves as a large and important sink of NOx during the night. These
findings not only have important implications for NOx chemistry, but are also relevant for
the atmosphere-biosphere exchange of other gasses, such as CO2 and biogenic volatile organic
compounds.
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4.7 Appendix
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Figure 4.A1: Landcover types for California from the NLCD Land Cover (CONUS) for
2016. The locations of two major cities are indicated.
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Figure 4.A4: Plot of Vd versus gt for (left) P. ponderosa and (right) C. decurrens. Blue
markers and lines are data from drought-stressed trees and fits to the resistance model,
respectively. Green markers and lines are data from control group trees and fits to the
resistance model, respectively.
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Figure 4.A5: (left) Average midday NO2 mixing ratios in the month of June 2014.(cen-
ter) Maximum LAI during the year 2019 from MODIS. (right) Effective daytime state-wide
deposition velocities of NO2 to forests.
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Chapter 5

Conclusions

5.1 Summary

Deposition to vegetation has previously been identified as a significant loss process for at-
mospheric NOx . However, laboratory measurements and field observations have resulted in
large discrepancies in their conclusions of the scale and even direction of this atmosphere-
biosphere exchange. These disagreements reflect an inadequate understanding of the rates
and mechanisms controlling this important sink. In this dissertation laboratory measure-
ments at the leaf and branch levels are combined with a modeling approach at the canopy
and regional scales to examine the importance of foliar removal of NOx , particularly NO2,
on NOx lifetimes and budgets.

The laboratory work, which is outlined in Ch. 2 and Ch. 4, adds to the body of work on
leaf-level chamber experiments investigating the factors driving NOx stomatal deposition.
The maximum laboratory-measured deposition velocities reported here for stomatal NO2

uptake range from 0.15—0.5 cm s−1. Deposition velocities of NO2 are essentially equivalent,
from an atmospheric perspective, to the rate of diffusion through open stomata for all tree
species discussed in this dissertation. This provides an indication that diffusion, under all
environmental conditions, is the rate-limiting step to uptake. Deposition of NO by contrast is
much slower by an order of magnitude than the stomatal diffusion rate, indicating reactions
within the mesophyll of the leaf are rate-limiting in this case. For no tree species measured, is
there any evidence for an NO2 compensation point. NO compensation points may be as high
as 3 ppb, but the extremely slow bi-directional exchange results in only net uptake of NOx

as a chemical family at all non-zero NOx mixing ratios–considering NO only reaches ∼50%
of the total NOx budget during the day. There is a large degree of inter-species variability
in stomatal NO2 uptake rates during the daytime, as well as a significant degree of stomatal
deposition occuring at night. Neither phenomenon is currently represented in atmospheric
models.

The modelling work, which is described in Ch. 3, and also discussed in Ch. 2 and Ch. 4,
characterizes the implications of laboratory measurements on NOx budgets, NOx lifetimes
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and O3 production in both remote and near-urban forests. Laboratory-measured deposition
velocities result in modeled canopy reductions of soil-emitted NOx of ∼20—60%. This result
explains the range of canopy reduction factors observed in a variety of forests (Jacob and
Wofsy 1990; Yienger and Levy, 1995) and provides a physical understanding of the in-canopy
processes that cause this reduction. The stomatal control over NO2 deposition implies that
appropriate representations of stomatal conductance are required for accurate depictions
of NOx chemistry in atmospheric models. Changes in stomatal conductance can have a
substantial effect on NOx lifetimes, which is discussed in Ch. 3. Two such parameters that
are particularly important for consideration for use in atmospheric models are vapor pressure
deficit and soil water content. Inclusion of these parameters can change the maximum rate
of deposition by as much as 60% on days with equivalent temperatures and solar radiation.

Finally, the conjunction of the modelling and laboratory work presented suggests impor-
tant implications for NOx near cities. In remote forests, despite substantial loss of NO2 to
foliar deposition, soil emission of NO generally results in a net NOx emission flux from the
forest system. By contrast, large deposition losses of NO2 result in a net deposition flux of
NOx in forests heavily influenced by anthropogenic emissions of NOx . This has important
consequences for near-urban and urban air-quality. The rates of deposition measured for the
variety of native California tree species imply substantial NO2 deposition fluxes throughout
the state, particularly in forests near the San Francisco Bay Area and in the Sierra foothills.
These fluxes reflect a daytime and nighttime lifetime of NOx to deposition on the order of
the lifetime to chemical loss. This substantial physical loss impacts the regional production
of ozone in the state.

5.2 Future work

This dissertation is part of on-going laboratory work on the exchange of reactive nitrogen
between the atmosphere and biosphere. Recognized here are a few questions for future
consideration.

1. How fast is the foliar deposition of acylperoxy nitrates (APNs) and alkyl nitrates
(ANs)? Two of the important chemical reservoirs for NOx are APNs and ANs, most
notably peroxyacetyl nitrate (PAN). PAN formed in urban regions can thermally de-
compose down-wind, effectively transporting urban-emitted NOx to rural and remote
regions (Stockwell et al., 2011). The degree to which PAN, APNs, and ANs serve as
a chemical sink (through their formation and subsequent deposition) or as a reservoir
(by reacting or decomposing to re-release NOx ) will have consequences for NOx life-
times. Laboratory measurements of the stomatal deposition of a variety of APN and
AN species are needed.

2. How fast is foliar deposition to California crops? The Central Valley of California
contains elevated levels of NOx (Fig. 4.A5). However, uptake of reactive atmospheric
nitrogen to the crop species making up the Central Valley has never been measured.
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Substantial leaf areas and high mixing ratios of NOx in this region indicates the po-
tential for large deposition fluxes.

3. Do trees from other regions in North America behave similarly to trees in Califor-
nia with respect to reactive nitrogen deposition? The studies presented here are the
first laboratory measurements of NOx deposition that have been carried out on North
American trees. There is a need for additional experiments on species from outside Cal-
ifornia, particularly deciduous broadleaf trees from the northeastern and mid-western
states of the United States. Trees in California are particularly drought-adapted, and
their stomatal responses may differ from trees in other regions. There are ample field
measurement sites in these regions, most notably the University of Michigan Field
Station and Harvard Forest, with which to compare field observations and laboratory
measurements.

4. Finally, the findings presented in this dissertation should be implemented in global
chemical transport models (CTMs), including WRF-CHEM and GEOS-CHEM.




