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ABSTRACT

This study compared two bidirectional atmosphere-surface exchange models
by Wang et al. (2014) and Wright & Zhang (2015) for one monitoring site in the
state of Georgia in the United States of evergreen needleleaf forest and deciduous
broadleaf forest in summer and winter. Input data includes observed GEM
concentrations and simulated meteorological data from June 2010 to September
2010 and from December 2010 to March 2011. For evergreen needleleaf forest in
summer, the net emission flux estimated by Wang’s model was greater than that
by Wright & Zhang’s (0.5 pg m™s™ vs. 0.18 pg m™s™). For deciduous broadleaf
forest in summer, the net emission flux predicted by Wang’s model was smaller
than that by Wright & Zhang’s (0.1 pg m?s! vs. 0.29 pg m?s™). However,
regardless of land cover in winter, the net flux produced by Wang’s model was
emission flux (0.21 pg m™s™ for evergreen needleleaf forest and 0.18 pg m™s™ for
deciduous broadleaf forest) while that simulated by Wright & Zhang’s model was
deposition flux (0.59 pg m™s™ for evergreen needleleaf forest and 0.49 pg m™s™
for deciduous broadleaf forest). Additionally, stomata resistance, in-canopy
aerodynamic resistance, stomata emission velocity, GEM compensation point
concentration in stomata, GEM compensation point concentration in soil, stomata
emission flux, soil emission flux, and net flux had large differences (>100%)
between the two models. The dominant factors resulting in these differences were
identified. Wright & Zhang’s model is more appropriate for simulating GEM

exchange flux in winter when a net deposition flux is expected.
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CHAPTER 1 INTRODUCTION

1.1 Background

Mercury (Hg) has been identified as a persistent, bioaccumulative, and toxic
pollutant (UNEP, 2013) due to toxicity of most its compounds in aquatic receptors (such
as aquatic plants and fish), amphibian (such as frog) and terrestrial receptors (such as
terrestrial plants and mammals) (Boening, 2000). Its effects on human health by
ingestion and inhalation include nervous system, respiratory system, immune system,

and developing fetus (EPA, 1997; EPA, 2017).

Atmospheric Hg is released in the form of gaseous elemental mercury (GEM),
gaseous oxidized mercury (GOM), and particulate-bound mercury (PBM) from both
natural processes and anthropogenic activities. The natural sources consist of volcano
eruption, geothermal activity, and volatilization from soil, plants, and water surfaces
(Pirrone et al., 2010; Gaftney and Marley, 2014). Man-made sources include fossil-fuel
fired power plants, non-ferrous metals manufacture, and cement production (Zhang et

al., 2016a).

During atmospheric Hg is transported, GEM is oxidized to GOM. GOM has low
volatility and higher solubility (Fu et al., 2012) compared to GEM. Particulate-bound
mercury is formed by adsorption of elemental and GOM on particulate matter. The
adsorption of Hg is more likely when particulate matter is rich with element carbon

because mercury trends to be adsorbed on element carbon (Pirrone et al., 2000).

Atmospheric Hg is removed via dry and wet depositions. GOM and PBM are
removed by both dry and wet deposition. However, the removal of GEM is mostly by
dry deposition owing to its low Henry’s Law constant (Wang et al., 2014). In monitoring

1



sites, mercury wet deposition is quantified by analysis of precipitation (Wright et al.,
2016). Oxidized mercury collected in the solution is reduced to elemental mercury
which is removed from the solution and analyzed by dual gold trap amalgamation and
cold vapor atomic fluorescence (Prestbo and Gay, 2009). Although dry deposition is
difficult to measure due to technical challenges, some methods have been developed
such as surrogate surfaces, litterfall, and throughfall (Wright et al., 2016). Surrogate
surfaces, such as water-based surfaces, filter-based surfaces, and membrane-based
surfaces, are used to simulate surfaces where mercury deposits to (Wright et al., 2016).
Uncertainties in the measurement related with selected surrogate surfaces and instrument
setup are larger than a factor of two (Wright et al., 2016). Litterfall method is to measure
mercury depositing on the leaves (Wright et al., 2016). Throuhgfall method is to monitor
the summation of wet-deposited mercury above the canopy and dry-deposited mercury
washed off from the canopy (Wright et al., 2016). However, all these measurement
methods are time consuming and costly. It is also difficult to select an appropriate
monitoring point in complicated terrain and to measure for a long-time period.

Therefore, the development of dry deposition models is necessary.

In chemical transport models and at monitor networks, dry deposition is calculated
using the inferential approach. The dry deposition flux is a product of atmospheric
pollutant concentration and dry deposition velocity. The dry deposition velocity is
calculated through multiple resistance analogy scheme, such as those by Wesely (1989),
Zhang et al. (2003) and Kerkweg et al. (2006). In addition to dry deposition, GEM has a
tendency to emit back to the atmosphere as a result of its high vapor pressure. Thus,

GEM exchange flux is estimated by using bidirectional exchange models (Xu et al.,



1999; Bash, 2010; Wang et al., 2014; Wright and Zhang, 2015). The net flux is a

summation of deposition and emission fluxes.

The first GEM bidirectional exchange model is presented by Xu et al. (1999) for
providing lower boundary conditions (mass transfer velocities and GEM exchange
fluxes) of regional/global atmospheric transport and deposition models. Bash (2010)
introduced another GEM bidirectional scheme. It has been implemented into the
Community Multi-scale Air Quality Model (Bash, 2010). An updated bidirectional
exchange model is presented by Wang et al. (2014) based on Bash’s (2010) scheme with
surface resistances from Zhang et al. (2002b, 2003). Another bidirectional exchange

model was developed by Wright and Zhang (2015) for air-terrestrial exchange of GEM.

The modeling of dry deposition using various chemical transport models shows
inconsistencies between the models, up to a factor of ten, due to different dry deposition
algorithms and simulated pollutant concentrations (Wright et al., 2016). Some mercury
bidirectional exchange models have been developed; however, no comparison among
these models has been conducted. Such a comparison would quantify the magnitude of
differences between the models and identify the dominant factors leading to these
differences. Knowledge gained from comparison may help researchers to understand

what physical and chemical processes need considerations.

1.2 Objective
The objective of this study is to compare two GEM bidirectional exchange models

from Wang et al. (2014) and Wright and Zhang (2015). Specific objectives of this study



are to

(1) quantify the magnitude of difference in

- Resistances to GEM

- GEM emission and deposition velocities

- GEM compensation point concentrations in soil and stomata

- GEM emission, deposition, and net fluxes

(2) identify the dominant factors causing the differences.

The scope is to run these two models on one site for two land covers under the same
meteorological and other conditions in summer from June to September and winter from
December to March. This study aims to investigate the difference between the two
models, to present the dominant factors resulting in the differences between the two
models, and to analyze the significance of land cover and season in the difference

between the two models.



CHAPTER 2 LITERATURE REVIEW

2.1 Mercury cycling

Both natural processes and anthropogenic activities are emission sources for
atmospheric Hg. GEM is the most common form and accounts for more than 90% of the
total Hg in the atmosphere (Zhang et al., 2016a). Atmospheric Hg undergoes local,
regional, and global transport in all three forms. PBM is likely to be transported over a
long distance on fine particles (<1pum) (Schroeder and Munthe, 1998). In the transport of
atmospheric Hg, GEM is oxidized to GOM. The adsorption of GEM and GOM on

particulate matters forms particulate-bound mercury.

Atmospheric Hg is removed from the atmosphere by dry and wet depositions. Both
GOM and PBM deposit to surfaces through dry and wet processes (Fu et al., 2012). The
removal of GEM mostly relies on dry deposition owing to the low Henry’s Law constant
(Wang et al., 2014). The residence time of GEM is estimated to be several months to
over one year (Fu et al., 2012). GOM is captured by droplets and surfaces in the process
of dry and wet depositions due to high water solubility. Thus, it has a shorter residence
time of hours to weeks (Cole et al., 2014). PBM also has a residence time of hours to

weeks.

Mercury in the surface is either emitted to the atmosphere or remained in the plants,
soil or water (EPA, 1997). In all three forms of mercury, only GEM is emitted back to
the atmosphere as a result of its high vapor pressure. In the soil, mercury forms either
complexes with organic matters and mineral colloids or methylmercury through
numerous microbial processes (EPA, 1997). The most abundant form of mercury is

oxidized mercury complexes followed by methylmercury and elemental mercury (EPA,



1997). Oxidized mercury complexes could account for 97-99% (EPA, 1997). In the
water, most of the Hg is bound to organic matters, which could be either dissolved
organic carbon or suspended particulate matters (EPA, 1997). Methylmercury is
bioaccumulative in fish and the Hg found in fish muscle tissue is almost methylmercury
(EPA, 1997). Mercury is transferred to upper food chain through ingestion of fish-

consuming wildlife and humans (EPA, 1997).

2.2 Dry deposition models
There are three types of dry deposition models, for particulate pollutants, for gaseous
pollutants, and for pollutants that are re-emitted from the surface. Models that have been

reviewed are shown in Table 2-1.

Table 2-1. Dry deposition models reviewed.

Categories Models

Slinn (1982)

Particulate dry deposition models Zhang et al. (2001)
Zhang and He (2014)

Wesely (1989)

Gaseous dry deposition models Zhang et al. (2002b)
Zhang et al. (2003)

Bash (2010)
GEM bidirectional exchange models Wang et al. (2014)
Wright and Zhang (2015)

2.2.1 Particulate pollutants
Dry deposition flux (F) is defined as the product of dry deposition velocity (V4) and

concentration (C) for substances of interest.



F=Vy-C (2-1)

The concentration of substance is known from measurement in monitor sites or from
model computation. The estimation of deposition velocity is crucial. For particulate

pollutants, dry deposition velocity is calculated as

1
\ Vg+ﬁ (2-2)

where V, is gravitational settling velocity, R, is aerodynamic resistance, and R is
surface resistance. V, and Ry are related particle size. The deposition velocity should
include all collection mechanisms in the process of particle deposition to the surface.
There are three steps as particles deposit to surface (Ruijgrok et al., 1995), (1) particles
transported from free atmosphere to viscous sublayer by gravitational settling, (2)
particles getting across the viscous sublayer by Brownian diffusion, interception,
impaction, and gravitational settling, (3) particles getting interaction with the surface and
they adhere or rebound. This type of dry deposition models developed as a function of

particle size is called process oriented models (Ruijgrok et al., 1995).

Slinn (1982) presented a process oriented model for estimating particle dry
deposition velocity to vegetation. His framework was based on the database of wind
field in canopies and wind tunnel data of deposition velocity. Gravitational settling,
Brownian diffusion, interception, impaction, and particle rebound are all considered.
Aerodynamic resistance is calculated by wind speed at reference height and evaluated
height and friction velocity. Friction velocity is a parameter that provides a measurement
of the vertical flux of horizontal momentum in the surface layer. Larger friction velocity

leads to smaller aerodynamic resistance, reflecting that particle deposition is easier with



rough surface ground. Surface resistance includes characterizing wind profile in canopy
and collection efficiency that is related with Brownian diffusion, interception, impaction,
and particle rebound. Brownian diffusion is decided by the property of atmosphere and
particle radius. Due to the uncertainty in contribution of interception to overall collection
efficiency, Slinn determined to calculate interception as a function of characteristic
radius of collectors in the canopy and its fraction in all collectors. For impaction, it only
depends on Stokes number. Overall, although Slinn’s (1982) model is theoretical, some

input parameters may not be available in the regional models.

Based on Slinn’s (1982) model, Zhang et al. (2001) presented a size-segregated
particle dry deposition model. It has been implemented in Canadian Aerosol Module
(Zhang et al., 2001). This model considers gravitational settling, Brownian diffusion,
interception, impaction, and particle rebound as in Slinn’s model. The difference is the
expression of particle growth under humidity. Compared with particle growth not
expressed explicitly in Slinn’s model, a function of particle growth is included in
Zhang’s model. The method is that each size bin of particles will increase as a whole and
the size distribution of the all particles is fixed at the same time. After growth, the dry
particle radius is replaced by the wet particle radius in the calculation of deposition
velocity. Additionally, some simplified empirical parameterizations are adopted in
Zhang’s model because Slinn’s model requires detailed canopy information that it is

unavailable in regional scale transport models.

In Zhang’s (2001) model, the aerodynamic resistance is adopted as the same form as
Wesely (1989), which is widely used in many dry deposition models. The surface

resistance is more empirical and do not need to consider wind profile in canopy as in



Slinn (1982). It depends on friction velocity, collection efficiency, and particle rebound.
As for Brownian diffusion, it becomes more dependent on land cover categories as the
parameter varies with land cover categories. Calculation for impaction is adopted from
Peters and Eiden (1992) and is modified more dependent on land cover categories. The
collection efficiency by interception is calculated as a simpler form from Fuchs (1964)
because of the unavailability of data on fraction of collectors in canopy. The results from
Zhang’s (2001) model are reasonable in the comparison with a variety of measurements.
However, it seems that this model overestimates deposition velocity of small particles

(e.g. <0.1pum) over smooth surfaces (Petroff and Zhang, 2010).

Wu et al. (2018a) compared two particulate dry deposition models. One is presented
in Petroff and Zhang (2010) and the other is in Zhang et al. (2001). Petroff and Zhang’s
model has been implemented into the Community Atmospheric Model (Wu et al.,
2018a). Through comparison, it is found that the largest difference is velocity of fine
particles. Zhang’s model (2001) significantly overestimates the velocity for fine particles
due to the overestimation of Brownian diffusion effect. After reduction of Brownian
diffusion effect in Petroft’s and Zhang’s model, the velocity decreases substantially and

is in better agreement with observations.

There have been numerous monitoring networks established all over the world to
quantify atmospheric pollutants deposition. In these networks, bulk aerosol particles of
concern are measured. Therefore, an empirical scheme called bulk dry deposition
algorithm is needed for estimating deposition velocity of bulk aerosols. Wesely (1985)
established an empirical bulk dry deposition model for sulfate particles based on sulfate

flux measurement data over grassland. Ruijgrok et al. (1997) derived a bulk dry



deposition model for water-soluble inorganic ions based on flux data over forest and
Lamaud et al. (1994) and Gallagher et al. (2002) generated formulas for bulk particles.
However, none of these models is suitable for any particle species or any type of
surfaces. Zhang and He (2014) developed a bulk dry deposition velocity based on the

size-segregated model in Zhang et al., (2001).

In Zhang and He (2014), the particle size is grouped into three types, PM, s, PM;s.
10, and PMj. In equation 2-2, Vg strongly depends on particle size, slightly on particle
density, and not on land cover category. Therefore, in this model, it is assumed as a
constant value for a fixed particle size distribution. Considering that Ra has no relation
with particle size, there is no change made to it. The inverse of Ry, namely surface
deposition velocity (Vgs), is fitted into functions for bulk particles. Equation 2-2

becomes

1

Vq = Vg+RaT/Vds (2-3)
For PM,; s, V4 is parameterized as a linear function of friction velocity (ux).
Vdszal U (2-4)

where a; is a constant dependent on land types. As for PM; 519, Vs iS parameterized as a
polynomial function of friction velocity for canopies with a constant leaf area index
(LAI). LAI is the area of one-sided leaves per unit ground surface area. A correction
factor (k) as an exponential function of LAI is added to PM; s.jp over canopies with LAI
varying with seasons.

k(L_Al_l)
Vdsz(b1u*+b2u%+b3 uz)e LAlmax (2_5)
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where b, b,, and bs are constants for each land type. LAy« is the maximum LAI in the
whole year. For PM,, the same method as PM; 5.1 is taken to generate the formula.

LAI

k(——-1
Vdsz(dIU*‘f'dzu%—{—d?’uz)e (LAlmax )

(2-6)

where d;, d,, and ds are constants for each land type. Under this model, the estimation of
dry deposition velocity for bulk particles is within £20% compared with original

particulate dry deposition model in Zhang et al., (2001).

2.2.2 Gaseous pollutants

As for gaseous substances, the effect of gravitational settling is negligible. There are
gaseous substances depositing to leaf stomata and mesophyll. A surface resistance
approach called resistance oriented model was developed for dry deposition of trace

gases (Ruijgrok et al., 1995). The dry deposition velocity for gaseous pollutants is

vg= (R+Ry+R,)! (2-7)

where R,, Ry, and R, represent the properties of lower atmosphere, canopy, and soil,
respectively. R, corresponds to the aerodynamic resistance of surface boundary layer and
makes no difference to all gaseous substances. It depends on the atmospheric stability
and friction velocity. R, represents quasi-laminar resistance to substances when
substances are transported through the thin layer related with surface elements. This
resistance varies with the molecular diffusivity for the gas of interest. The value of R,
increases as surface becomes rougher as a result of higher friction velocity. R, and Ry, are
commonly used in many models and their formulas are similar in various models

(Wesely and Hicks, 1977; Padro, 1996). R, represents canopy resistance to uptake by the

11



surface elements. This resistance is considerable various from model to model and is the

most important and complex element for gaseous chemicals in dry deposition models.

Wesely (1989) presented a resistance module for estimation of gaseous dry
deposition velocity over regional scales. His approach for R is to separate R, into
several components, which is commonly done in the resistance models where parallel

and series resistances are set for different parts of the canopy.

1 1 1 1
R.=1/( +— + )
RetRm Ry RgetRep Ry +Rgs

(2-8)

where Ry, Ry, Rei, Rgs, and R, are mesophyll resistance, cuticle or outer surfaces in the
upper canopy resistance, exposed surfaces in the lower canopy resistance, ground
surface resistance, and in-canopy aerodynamic resistance, respectively. These four
resistances are input from lookup table for O; and SO,. Ry is stomata resistance and
calculated as a function of solar irradiation and ambient temperature, reflecting the effect
of the sunlit and temperature on stomata. Ry is artificially set to be a very large value for
the closure of stomata when there is no solar irradiation or ambient temperature is too
high or too low. Ry is a resistance that reflects a gas-phase transfer affected by the
mixing force, which is caused by buoyant convection in canopy. It is expressed as a

function of solar irradiation and the slope in radians of the local terrain.

In this model, it is assumed that the concentrations in the plant mesophyll, substrates
in the upper canopy, substrates in the lower canopy, and substrates in the ground surface
are in equilibrium with the ambient concentration. Under this assumption, all three
substrate concentrations are assumed to be zero. It is worth noting that all the resistances

in the equation 2-8 correspond to properties or behaviors inferred from measurements of
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net vertical fluxes from the surface, rather than to a single measurable quantity in the

field (Wesely, 1989).

Wesely’s model estimates not only the dry deposition velocity of Os and SO,, but
also that of other gaseous substances, such as NH3, H,O,, and HCHO. According to the
effective Henry’s Law constant and chemical reactivity of each gaseous substance, dry
deposition velocity for all other gaseous is computed. In addition, he considers the
wetting of the surfaces by rain or dew and the covering of the surfaces by snow.
However, resistances for many of the additional substances are assumed without the
support from observation in field and laboratory. The varying of LAI with seasons is not

considered in the model.

The canopy resistance (R.), in equation 2-7, is separated into two parts—stomatal
and non-stomatal resistances. To some extent, separation of these two parts is necessary
because stomatal uptake of substances only happens during the daytime for most
canopies and dominates over the non-stomatal process (Zhang et al., 2003). As for
nighttime, due to the closure of stomata under the darkness environment, non-stomatal
uptake will dominate over stomatal uptake (Zhang et al., 2003). Therefore, estimation of
dry deposition velocity will have a more accurate representation of diurnal variation
after the canopy resistance is separated. For parameterization of stomatal resistance, it
varies from a function of solar irradiation, one-big or two-big leaf methods to a
multilayer leaf-resistance scheme (Zhang et al., 2003). As for non-stomatal resistance,
through analysis of measurement data, it is affected by meteorological conditions, such
as relative humidity, wetness of canopy, and friction velocity, as well as the properties of

canopy, such as leaf area index and growing period (Zhang et al., 2003).
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Zhang et al. (2003) presented an improved gaseous dry deposition model by
considering a non-stomatal resistance in Zhang et al. (2002a). This model calculates the
dry deposition velocity for 31 gaseous species with resistances scaled to O3 and SO,

according to solubility and reactivity. The canopy resistance (R.) is expressed as

1 1-W, 1 1
— L (——+
Rns Rst+Rm Rac+Rg Rcut

(2-9)

where R, is separated into two parallel paths. One is stomatal part (R;) with relation to
stomata resistance (Ry) and mesophyll resistance (R;,) The other one is non-stomatal
part (R,s) with respect to in-canopy aerodynamic resistance (Rac), soil resistance (Ry),
and cuticle resistance (Rcy). Wst stands for the effect of wet conditions on stomatal
resistance. It will be zero for dry conditions and be a function of solar irradiation under
wet conditions. Ry is calculated as sunlit/shaded stomatal resistance in Zhang et al.
(2002b). It considers the effect of leaf area index, sunlight, ambient temperature,
ambient water vapor pressure, leaf water stress, and molecular diffusivities for pollutants
of interest. During nighttime without solar irradiation, Ry is assumed to be an infinite
value as for the closure of stomata. Ry, is mesophyll resistance that input from lookup
table. R, is modified from Erisman et al. (1994) as a function of leaf area index and
friction velocity, which is more dependent on diurnal and seasonal variations. Ry is also
modified from Erisman et al. (1994) and the soil resistance for SO, is considered as
different values when surface is dry, when dew occurs, or when rain occurs. Rgy is
modified from Zhang et al. (2002b) and it considers the effect of relative humidity and

friction velocity.

In this model, it is worthwhile mentioning that there are improvements in cuticle
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and soil resistances in winter. In winter, the effect of temperature below -1°C and the
effect of snow cover are considered for cuticle and soil resistances. Although this model
is developed to estimate dry deposition velocity for 31 gaseous species, it is not
validated for some chemicals by comparisons with measurement because there are few
dry deposition velocity measurements for other chemicals except SO,, O3, NO,, HNOs,

and NHj (Zhang et al., 2003).

A comparison among five models for O3 and SO, with five years flux database over
a temperate mixed forest in southern Ontario, Canada was conducted by Wu et al.
(2018b). It was found that substantial differences in the estimations of deposition
velocity among gaseous dry deposition models are mainly attributable to the differences

in the parameterizations of surface resistances.

2.2.3 GEM

For substances that are re-emitted back to the atmosphere, such as ammonia and
GEM, it is inappropriate to only consider deposition process and assume concentrations
in canopy and soil to be zero. Instead, deposition should be coupled with emission to
create a bidirectional exchange flux. The first GEM bidirectional exchange model is
presented by Xu et al. (1999) for providing surface boundary conditions of
regional/global atmospheric transport and deposition models. In Xu’s model, sources of
GEM natural emission are categories into canopy, soil, and water. The GEM emission
from the canopy is calculated as a function of evapotranspiration rate and GEM
concentration in the surface soil solution. The emission from the soil is parameterized as
a function of soil temperature. The GEM deposition on the canopy and soil is calculated
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as a product of gaseous dry deposition velocity and GEM concentration. A two-film
diffusion model was adopted to calculate exchange of GEM between the atmosphere and

water.

Bash (2010) presented a GEM bidirectional scheme. It has been implemented into
the Community Multi-scale Air Quality Model (Bash, 2010). In this model, GEM
exchange is estimated as a function of an atmospheric compensation point, air-biosphere
partitioning processes, and atmospheric mixing processes (Bash, 2010). The GEM
exchange is categorized into air-terrestrial, air-stomata, air-cuticle, air-soil, and air-
water. In air-terrestrial exchange, GEM net exchange flux is calculated as a function of
ambient GEM concentration, the compensation point concentration, and aerodynamic
resistance. The compensation point ([Hg'],0) is modeled as a weighted average of

resistances and fluxes at the atmosphere, stomata, cuticle, and soil interfaces.

0
[Hgo]atmL [Hgo]st " [HgO]W |, HeT)gg
T, ‘ Kp A (tytrst) ‘ Ky A trw) Irbﬂ +rgoil
[IIgO] _ a S b Tw ac Tsoi (2_10)

70 .- -1 -1 1
0 Ty l+(rb+rst) Hrytrw) +(rb'*'rac'*rsoil)

where [HgO]atm, [Hgo]st, [Hgo]w, and [Hgo]sl,g are GEM concentrations at the atmosphere,
stomata, cuticle, and soil, respectively. r,, Ty, Tg, Tw, Tae, and Iy are aerodynamic
resistance, laminar boundary layer resistance, stomata resistance, cuticle resistance, in-
canopy aerodynamic resistance and soil resistance, respectively. Ky is the leaf-air
partitioning coefficient for GEM and is assumed to be the same for mesophyll and
cuticle surfaces. For bare land without vegetation, all GEM concentrations related with
canopy in equation 2-10 will equal to zero and all resistances related with canopy will

become an infinite value.

In air-stomata exchange, GEM net flux depends on GEM concentration at the
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stomata, the compensation point concentration, laminar boundary layer resistance, and
stomata resistance. In air-cuticle exchange, GEM net flux is calculated as a function of
GEM concentration at the cuticle, the compensation point concentration, laminar
boundary layer resistance, and cuticle resistance. In air-soil exchange, GEM net flux is
parameterized as a function of GEM concentration at the soil, the compensation point
concentration, in-canopy aerodynamic resistance and soil resistance. It is worth
mentioning that GEM concentration in the soil is decided by the partitioning coefficient
for GEM and the redox reaction between GEM and GOM. In air-water exchange, though
GEM net flux is modeled using the two-film resistance as Xu et al. (1999) did, Bash
adopted a different parameterization. In surface water, photo-redox between GEM and

GOM is considered.

The results from this model are consistent with the data from isotopic tracer studies
(Bash, 2010). However, there are multiple model assumptions in the variables that have
not been verified through field data, such as air-vegetation partitioning and surface
reduction and oxidation processes. These assumptions could increase the uncertainty of

estimation and limit the improvement of the model (Wang et al., 2014).

Based on the Bash’s (2010) scheme, an updated bidirectional exchange model is
presented by Wang et al. (2014). Wang integrated the bidirectional exchange scheme
from Bash with in-canopy aerodynamic, stomata, cuticle, and soil resistances from
Zhang et al. (2002b, 2003). The structure of Wang’s model is the same as Bash. In air-
water exchange, two-film mass transfer model from Poissant et al. (2000) is used to
estimate GEM net flux, which depends on wind speed above the water, water

temperature, and atmospheric GEM concentration. The photo-redox reaction in the water

17



is not considered by Wang and Bash considered it. In air-terrestrial exchange,
compensation point concentration ()cnp) is also calculated by a weighted average as

follows

Catm X Xe Xg
Ra+Rb Rst Re RaC+Rsoil

- (2-11)

- 1,5 l,o - 1
(R, +Rp)" Ry +R e H(Rye+Rsoil)

where Cam, %s» %> and x, are GEM concentrations at the atmosphere, stomata, cuticle,
and soil, respectively. R,, Ry, Rg, R¢, Ry, and Ry are aerodynamic resistance, laminar
boundary layer resistance, stomata resistance, cuticle resistance, in-canopy aerodynamic
resistance and soil resistance, respectively. In air-soil exchange, GEM net flux is
calculated according to bare land or vegetation. For bare land, the concentration gradient
is considered between the soil and the atmosphere. For vegetation, the concentration
gradient is between the soil and the compensation point ()np). In air-cuticle exchange,

the photo-reduction of oxidized mercury is considered and it is not considered by Bash.

The two GEM bidirectional exchange models above are developed for regional
models. Wright and Zhang (2015) presented a bidirectional exchange flux model to
estimate GEM net flux in monitoring sites. It is a modification of the gaseous dry
deposition model in Zhang et al. (2003) and it has the same structure as the ammonia
bidirectional exchange model in Zhang et al. (2010). In Wright and Zhang (2015), the
GEM net flux is calculated for land and the air-water exchange is not considered.
Besides, the mercury soil pool is assumed as unlimited and that is limited in Bash (2010)
and Wang et al. (2014). Wright and Zhang did not considered air-stomata, air-cuticle,
and air-soil exchange. The GEM emission from the cuticle is assumed to be zero and

then emission sources become stomata and the soil.

18



In Wright and Zhang (2015), the GEM net flux is calculated as a function of
atmospheric GEM concentration, compensation point concentration, aerodynamic
resistance and laminar boundary layer resistance. The compensation point concentration

(%) 1s parameterized as

-1

% X 1 1 1 1

1= |+ SR S + + +—1] (2-12)
RatRp  RytRpy RaC+Rg RatRp  RytRpy Rac+Rg Reut

where ¥, 1s atmospheric GEM concentration, Ra, Rp, Rg, Rm, Rew, Rac, and Ry are
aerodynamic resistance, laminar boundary layer resistance, stomata resistance,
mesophyll resistance, cuticle resistance, in-canopy aerodynamic resistance and soil
resistance, respectively, x5 and ¥, are the stomata and ground compensation point,
respectively. The stomata compensation point depends on ambient temperature and
emission potential of the stomata. As for ground compensation point, it relies on soil
temperature and emission potential of the ground. Both emission potentials of the
stomata and ground are derived empirically from modeled and measured compensation

points.

In my study, two models from Wang et al. (2014) and Wright and Zhang (2015)
were chosen. Wang’s model is based on the bidirectional exchange scheme from Bash
(2010) and is updated with surface resistances from Zhang et al. (2002b, 2003). This
surface resistances scheme is the same as Wright and Zhang (2015). Wang’s model
simulates pollutants exchange in air-terrestrial, air-stomata, air-cuticle, air-soil, and air-
water. However, some parameters involving in physical and chemical processes, such as
GOM concentration in soil, were assumed and needs further investigations. As for

Wright and Zhang (2015), it was developed for site simulations. The physical and
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chemical processes in the model were simplified under assumptions. Thus, it is
convenient for site simulating and the simulation results were reasonable by comparison
with measurements (Wright and Zhang, 2015). However, Wright and Zhang’s model
does not simulate pollutants exchange between air and water. The exchange in air-

stomata, air-cuticle, and air-soil were not considered.
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CHAPTER 3 METHODOLOGY

3.1 The two models used

Wang’s model (Wang et al., 2014) and Wright & Zhang’s model (Wright and Zhang,
2015) were chosen in this study. Wang’s model was developed based on Bash’s model
(Bash, 2010) with updated surface resistances. The simulated fluxes in United States by
this model were comparable to measurements (Wang et al., 2014). The sensitivity of the
simulated flux to physical and environmental parameters was examined (Wang et al.,
2014). In Wright & Zhang’s model, the GEM exchange flux was estimated for various
land covers surrounding 24 sites in North America (Zhang et al., 2016b). The reliability

and uncertainty of the model were discussed (Zhang et al., 2016b).

3.2 Land cover

In Wang’s model, GEM exchange flux is estimated over canopy and water surfaces.
Wright & Zhang’s model was developed for canopy surfaces. Through ANOVA analysis,
the effect of land cover is more significant on Wang’s model than that on Wright &
Zhang’s model (11 vs. 2, Appendix F). However, the interaction between land cover and
season is similar in the two models (13 vs. 10). In this study, the two models were run
over canopies. Two out of 26 land cover categories in Zhang et al. (2003) were chosen,
evergreen needleleaf forest and deciduous broadleaf forest. The two models produced
different results (difference>45%) in all output, except aerodynamic resistance, quasi-
laminar resistance, cuticle resistance, soil resistance, deposition velocity, and deposition

flux, in the two land covers (Table E2).
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3.3 Study site

The study site was chosen from National Atmospheric Deposition Program’s
Atmospheric Mercury Network sites. The detailed information of monitoring sites is in
Zhang et al. (2016b). The study site was chosen under four considerations. (1) The site
should locate in North America where meteorological data is available. (2) In order to
reduce the effect of anthropogenic emission on ambient GEM concentration, the site
should be located in rural areas or places without urban land cover. (3) The annual
mercury emission of the site within 100km radius should be lower than 300 kg (Zhang et
al., 2016b). Hence, the ambient GEM concentrations are closer to background
concentration. (4) The site should have many land covers but without water because
Wright & Zhang’s model is only for canopies. Under all these four considerations, GA40
(33.9283°N, 85.0456° W) with evergreen needleleaf trees of 20.1%, deciduous broadleaf
trees of 30.6%, and grass of 49.3% was chosen as the study site. GA40 site is at
Rockmart, Georgia, United States and is 63km northwest of Atlanta, Georgia, United
States (Fig. 3-1). The nearest airport is Paulding Northwest Atlanta Airport (33.9176°N,

84.9407° W) and is 9km east of GA40 site.

22



pring odsiock
Alpharetia
T Roswell Johns Creek
Rookmart Whantfark -
GA40 site EastiCon
e 136). Marietta o
» W, : i L) Sandy Springs ) E.."‘
allas 2 L & :
K [ T @ b
Brookhaver ok

¢ @ ==y

Ao O Mo,

PO ! > Lavs) Atlanta ’

: Temple
& @ k
g @
Fair; Forest \ 1 +
5 w
@ porrow =
= airb igrccacr]

Bowd A

Figure 3-1. Location of GA40 site (base map adapted from Google Maps).

3.4 Seasons

Through ANOVA analysis, season is significant in the two models and its variability
is larger than variability of land cover (Appendix F). In Wang’s model, temperature is a
factor in all output, except aerodynamic resistance, quasi-laminar resistance, cuticle
resistance and in-canopy aerodynamic resistance. In Wright & Zhang’s model,
temperature is a factor in all output, except cuticle resistance and in-canopy aerodynamic
resistance. Summer and winter were chosen because these two seasons have high LAI
and low LAI respectively. June-September and December-March were set as summer
and winter, respectively, based on variation of LAI for evergreen needleleaf forest and
deciduous broadleaf forest, as in Fig. 3-2. For both land covers, LAI is high during June-
September and low during December-March. ANOVA analysis reveals that the two
models provided different results (difference >45%) in all output, except aerodynamic
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resistance, quasi-laminar resistance, cuticle resistance, soil resistance, deposition

velocity, and deposition flux, in the two seasons (Table E2).

(a) Time Series Plot of LAI for evergreen needleleaf forest (b) Time Series Plot of LAI for deciduous broadleaf forest
6 6
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Figure 3-2. Variation of LAI for the two land covers, (a) evergreen needleleaf forest, (b)

deciduous broadleaf forest.

3.5 Study period

There are six years hourly meteorological data and two-hour ambient GEM
concentrations data in GA40—June 2009 to April 2014 (Zhang et al. 2016b). June
2010—September 2010 and December 2010—March 2011 were chosen, because of

highest percentage of valid ambient GEM concentration data (88.7%), as in Table 3-1.
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Table 3-1. GEM concentrations two-hour data points in 2009-2014.

Period Missing Data points Total hours Percentage of
hours data points

Jun., Jul., Aug., Sep., Dec. in 2009 506 2410 2916 82.6%
,and Jan., Feb., Mar. in 2010

Jun., Jul., Aug., Sep., Dec. in 2010 329 2587 2916 88.7%
,and Jan., Feb., Mar. in 2011

Jun., Jul., Aug., Sep., Dec. in 2011 632 2296 2928 78.4%
,and Jan., Feb., Mar. in 2012

Jun., Jul., Aug., Sep., Dec. in 2012 832 2084 2916 71.5%
,and Jan., Feb., Mar. in 2013

Jun., Jul., Aug., Sep., Dec. in 2013 493 2423 2916 83.1%
,and Jan., Feb., Mar. in 2014

3.6 Model settings
3.6.1 Reference height

GEM exchange between reference height and surface was simulated by the models.
The reference height in Wang’s model is fixed at 10m. The reference height in Wright &
Zhang’s model is flexible and decided by model user. Thus, the reference height in
Wright & Zhang’s model was set at 10m to enable comparison of the two models.
However, 10m reference height may not be a suitable height to simulate GEM exchange
for evergreen needleleaf forest and deciduous broadleaf forest. This is because trees as

tall as 30m are not uncommon around latitude of 30 north degree.

3.6.2 GEM compensation point concentration on cuticle

Wang assumed that GOM on cuticle is reduced to GEM or fixed into leaves tissue.
The GEM compensation point concentration on cuticle is calculated from the difference
between reduced GOM and fixed GOM. However, when solar radiation is zero at night

or is weak during daytime, calculated GEM compensation point concentration is
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negative, because reduced GOM is less than fixed GOM. Negative GEM compensation
point concentration is unreasonable. Thus, GEM compensation point concentration on

cuticle in Wang’s model was set to be greater or equal to zero.

3.6.3 Meteorological conditions
Table 3-2 lists four parameters each with different settings in the two models. In
order to run the two models under the same condition, each of the four parameters was

set to be the same for the two models.

Table 3-2. Settings of four meteorological parameters in each of the two models, settings
in Wright & Zhang’s model were used.

Parameters Wright & Zhang’s model Wang’s model
surface air temperature) > 273.15K dew point temperature >surface air
occurrence of dew .. .
friction velocity < U, temperature

surface air temperature > 273.15K

occurrence of rain C
precipitation > 0.2mm/hour

precipitation > Omm/hour

occurrence of snow fraction of snow depth > 0.0001 snow depth >0
. calculated using surface air
how to get relative . . .
humidity input from the meteorological data temperature and dew point
temperature

(1) In Wright & Zhang’s model, dew occurs on clear night with or without weak
wind, and when temperature is above zero degree celsius. In Wang’s model, dew occurs
when dew point temperature is greater or equal to surface temperature. The approach in
Wright & Zhang’s model is used in both models because this approach gets closer to

physical processes.

(2) In Wright & Zhang’s model, precipitation occurs when surface temperature goes
above zero degree celsius and precipitation is larger than 0.2 mm/hour. In Wang’s model,
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precipitation above 0 mm/hour is considered as rain. In monitor sites, both rain and snow
are measured by means of liquid. Snow and rain play different roles in pollutants
deposition because snow is ice crystal and rain is liquid. Only under the assumption that
snow quickly melts to water as soon as snow falls on the surface, snow is seen as rain.
However, when surface temperature is under zero degree celsius, it is difficult for snow
to melt quickly unless there is enough solar radiation. Therefore, the approach in Wright

& Zhang’s model is closer to nature and used in both models.

(3) In Wright & Zhang’s model, fraction of snow depth is the ratio of snow depth to
maximum snow depth of 2 m for evergreen needleleaf forest and deciduous broadleaf
forest. Snow occurs when fraction of snow depth is larger than 0.0001, namely snow
depth above 0.02 cm. In Wang’s model, snow happens when snow depth above zero. The
judgements of occurrence of snow in the two models are similar. The approach in Wright

& Zhang’s model is used in both models.

(4) In Wang’s model, relative humidity is calculated using surface air temperature
and dew point temperature (the temperature that air becomes saturated with water
vapor). This calculation is replaced by input, as in Wright & Zhang’s model, because

relative humidity is available in the meteorological dataset.

3.7 Data treatment

3.7.1 Input data
Input data for the two models is listed in Tables 3-3, 3-4, and 3-5. In Table 3-3,

hourly meteorological data is for the study site (GA40) during June 2010—September
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2010 and December 2010—March 2011. It is archived data produced by the Canadian
weather forest model and is provided by Environment and Climate Change Canada.
Two-hour ambient GEM concentration data is for the GA40 site during June 2010—
September 2010 and December 2010—March 2011. It is the observation data in GA40
monitoring site and is provided by Environment and Climate Change Canada. In Table

3-4, constant input data that is not related with land cover is shown.

Table 3-3. Hourly input data in the two models.

Categories Input data (unit) In which models

surface air temperature ( C) | both

ambient temperature ( C) Wright & Zhang

relative humidity (fraction) | both

barometric pressure (mbar) | both

without processing solar irradiance (W/m?) both
meteorological data soil volumetric water Wang
content (m’/m°)
precipitation (mm/hour) both
snow depth (cm) both
fraction of cloud both
without processing ambient GEM concentration | both
concentration data (ng/m3)
temperature at 10m ( C) Wright & Zhang
wind speed (m/s) both
preprocessing data friction velocity (m/s) both
cosine value of zenith angle | both
(dimensionless)
LAT (dimensionless) both
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Table 3-4. Constant values in the two models.

Input parameter (unit) Value In which models
mesophyll resistance (s/m) 500 both
alpha 0 both
beta 0.1 both
GEM molar weight 200 Wright & Zhang
dair 17 Wright & Zhang
dh2o 13 Wright & Zhang
R for stomata closure (s/m) 99999.9 Wright & Zhang
k 0.41 Wang
kt (cm®/s, air diffusivity) 0.22 Wang
dihg0 (cm’/s, GEM diffusivity) 0.13 Wang
psea (kPa, sea level atmospheric 101.325 Wang
pressure)
dh20 dhg0 (water vapor
diffusivity/GEM diffusivity) 1.82 Wang
cos_a (for visible solar radiation) 0.5 Wang
kla (GEM partitioning coefficient
between air and leaf) 30000 Wang
3,3 -
foc (m /m”, organic carbon content 0.025 Wang
in soil)
cwash (f'ractlon of GOM washed off 0.02 Wang
from cuticle)
3
fdtgm' (pg/m , total gaseous mercury 039 Wang
depositing on leaves)
tl (m, leaf thickness) 0.000152 Wang
tdiff (s, time period) 3600 Wang
koc (GEM partitioning coefficient 0.000052 Wang
between organic carbon and water)
krxn (s, GOM reaction rate in soil) | 8*10" Wang
3
ccgs_hg? (ng/m’, GOM 90 Wang

concentration in soil)
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Table 3-5. Constant values associated with land cover in the two models.

Input parameter Evergreen Deciduous broadleaf .
(unit) needleleaf forest forest In which models
roughness height 0.4-1 (varying with -
(m) 0.9 LAT) Wright & Zhang
emission potential i
o on P 10 8 Wright & Zhang
emission potential i
S around 10 10 Wright & Zhang
brs (constant for Ry) 44 43 both
EVfd (constant for 031 0.36 both
psil (constant for D) -1.9 both
Ry)
1;{51)2 (constant for 25 25 both
Rac} (constant for 100 60 both
R, in summer)
Rac2 (constant for 100 100 Wright & Zhang
R, in winter) 100 250 Wang
RcutdO (constant 4000 6000 both
for Rey)
RcutwO (constant 200 400 both
for Rey)
gcu)tds (constant for 2000 2500 both
cut
ﬁg)O (constant for 200 200 Wright & Zhang
23
RgS (constant for 200 200 both
R
rsmin (constant for 250 150 both
Ry
maximum snow
depth (cm) 200 200 poth
tmax (constant for 40 45 both
R
tmin (constant for 5 0 both
R
topt (constant for 15 27 both
Ry

Table 3-5 lists constant input data associated with land cover. There are five input
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constants that are the same for the two land covers. Six input constants are similar for
the two land covers. There are eight constants that are different for the two land covers,
(1) roughness height has an effect on aerodynamic resistance, (2) constant for R, in
summer (Racl) has an influence on in-canopy aerodynamic resistance, (3) constant for
R, in winter (Rac2) affects in-canopy aerodynamic resistance, (4) constant for Ry
(RcutdO) influences cuticle resistance, (5) constant for R .y (RcutwO) has an effect on
cuticle resistance, (6) constant for R, (RcutdS) has an influence on cuticle resistance, (7)
constant for Ry (rsmin) affects stomata resistance, (8) constant for Ry (topt) influences
stomata resistance. There is only one constant that is different in the two models—
constant for R, in winter (Rac2), which has an influence on in-canopy aerodynamic

resistance.

Although LAI for the two land covers are similar (Fig. 3-2), eight input constants
are different for the two land covers and they have an effect on the output from the two
models. The difference between the two models for the two land covers is analyzed in

chapter 4.

3.7.2 Preprocessing

There are five hourly input variables need preprocessing—temperature at 10m,
zenith angle, friction velocity (us, a measurement of the vertical flux of horizontal
momentum in the surface layer), LAI, and wind speed at 10m (Table 3-3). Temperatures
at the surface and at the first model-layer (typically at 40-50m) are available (Zhang et
al. 2016b). The temperature at 10 m is calculated under the assumption that temperature

varies linearly between these two heights.
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Zenith angle, u«, and LAI were calculated with the method in Wright & Zhang’s
model. Wind speed at 10m was calculated back from u« with the method in Wright &
Zhang’s model. u- is related with the roughness of underlying surfaces. ux was calculated
between roughness height and the first model-layer. It was also calculated between
roughness height and 10m. The two calculated u« are the same because the underlying

surface is the same.

3.7.3 Interpolation of ambient GEM concentrations data

Two-hour ambient GEM concentration data from Zhang et al (2016b) were
measured at even hours or odd hours. Here, all even hours were moved to odd hours by
adding one to each even hour. Then, average of two data in one odd hour was processed.
Linear Interpolation was made for 12 odd hours of each day to get hourly ambient GEM
concentrations. If there was only one even hour absent between two closest odd hours,
linear interpolation was made to get this even hour. Otherwise, interpolation was not
made between two closest odd hours. The seasonal average diurnal cycles for ambient
GEM concentration before and after interpolation are shown in Fig. 3-3. They have
similar diurnal trends and the zigzag in original ambient GEM concentrations disappears
in interpolated ambient GEM concentrations. After interpolation, hourly ambient GEM

concentrations data and hourly meteorological data were merged.
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Figure 3-3. Seasonal average diurnal cycle for ambient GEM concentrations before and
after interpolation, (a) in summer, (b) in winter.

3.7.4 Input data for each of the two models and conversion of units

Input data for two models are shown in Table 3-6. Four parameters have different

units in the two models, (1) surface air temperature, conversion from degree celsius to

Kelvin degree, (2) relative humidity, conversion from fraction to percentage, (3)

barometric pressure, conversion from Milibar to Pascal, and (4) snow depth, conversion

from centimetre to metre.

Table 3-6. Input data and units for the two models.

Category Parameters Units 1n’Wr1ght & Units in Wang’s model
Zhang’s model

wind speed m/s

friction velocity m/s

solar radiation W/m”

. precipitation mm/hour

The same units fraction of cloud fraction

cosine value of zenith angle dimensionless

LAI dimensionless

ambient GEM concentration ng/m’

surface air temperature C K
Different units relative hpmidity fraction %

barometric pressure mbar Pa

snow depth cm m
Input into only one ambient temperature OC -
model soil volumetric water content -- m’/m’
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There are two parameters that are only required by one of the two models. Ambient
temperature in Wright & Zhang’s model is used to calculate air diffusivity and GEM
compensation point concentration in stomata. In Wang’s model, air diffusivity was set as
a constant of 0.22cm2/s and GEM compensation point concentration in stomata is
dependent on LAI and solar radiation, not ambient temperature. Soil volumetric water
content in Wang’s model is used for wet soil and Wright & Zhang did not consider wet

soil.

3.8 Hours of daytime
Hours for daytime were chosen based on the diurnal cycle of zenith angle. Seasonal
average diurnal cycle for cosine value of zenith angle is shown in Fig. 3-4. Daytime was

decided as 6:00-18:00 and 7:00-17:00 for summer and winter, respectively.
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Figure 3-4. Seasonal average diurnal cycle for cosine of zenith angle in summer and

winter.

3.9 Running the two models

The resistances and velocities were output from the two models with hourly
meteorological data, because resistances and velocities only need meteorological data as
input. The GEM compensation point concentrations and fluxes were output from the two
models with merged hourly meteorological data and ambient GEM concentrations. Both
meteorological data and ambient GEM concentrations are from 0:00 to 23:00. The
general statistics of meteorological data before merge (Table D1) is similar to that after

merge (Table D2).
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3.10 Calculation of the percentage of difference between the two models

In the tables of chapter 4, all percentages of difference between the two models were

calculated as equation 3-1.

value from Wang's model—value from Wright & Zhang's model *100% (3 1)
o -

Percentage of difference = . ,
g 0.5*(value from Wang s model + value from Wright & Zhang's model)

3.11 Analysis of variance (ANOVA) of the difference between the two models

General Linear Model, one type of Analysis of Variance (ANOVA) in Minitab
(version 18 developed by Minitab, Inc), was used to analyze the effect of land cover and
season on difference within and between the two models. The difference between the
two models is calculated as equation 3-1. When the p-value of land cover or season was
less than 0.1, land cover or season was considered to be significant in the difference
between the two models. Otherwise, land cover or season was considered to be
insignificant in the difference between the two models. Main effect and interception
figures were also plotted to analyze the effect of land cover and season on difference

within and between the two models.

3.12 The tools
The two models were run on Matlab (developed by MathWorks). All data analysis

and figures plotting were made on Minitab (version 18 developed by Minitab, Inc).
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CHAPTER 4 RESULTS AND DISCUSSIONS
4.1 Resistances

4.1.1 Aerodynamic resistance (R,)
Wright & Zhang considered the turbulence caused by wind (mechanical turbulence)
and buoyancy (thermal turbulence). Wang only considered the turbulence caused by

wind. Wright & Zhang assumed that the maximum R, to be 1000s/m and Wang did not.

Evergreen needleleaf forest in summer

a) Compare the turbulence caused by wind in Wright & Zhang’s model (without cap)

with that in Wang’s model
(1) R, caused by wind in the two models

Table 4-1 shows values of R, caused by wind in the two models. R, caused by wind
in the two models has similar diurnal trend with low values during daytime and high
values during nighttime (Fig. 4-1 and Table E1). Aerodynamic resistance in Wang’s

model is always larger than that in Wright & Zhang’s model (Fig. 4-2).
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Table 4-1. Aerodynamic resistance (R,, s/m) for the two models in the two seasons.

Season Land Model Minimum FlI‘S.t Median Thqu Maximum | Mean
cover quartile quartile
Wang (wind) 7 16 2 40 | 268020 | 1167
Wright & Zhang 6 12 16 28 4504 65
(wind)
evergreen | Wright & Zhang 12 1 1 12 23761 226
needleleaf | (buoyancy)
forest | Wright & Zhang 6 12 16 36 28266 | 331
(wind+buoyancy)
Wright & Zhang
(wind+buoyancy, 5 12 16 36 1000 123
summer with cap)
Wang (wind) 7 15 21 39 259817 1127
Wright & Zhang 5 12 16 27 4339 63
(wind)
deciduous | Vvright & Zhang ) ;) 1 1 12| 23430 | 262
broadleaf (bupyancy)
forest | Wright & Zhang 5 1 16 35 27769 | 325
(wind+buoyancy)
Wright & Zhang
(wind+buoyancy, 5 11 16 35 1000 122
with cap)
Wang (wind) 5 11 14 25 257065 561
Wright & Zhang 4 8 11 17 4296 36
(wind)
evergreen Wright & Zhang -11 -0.1 0.3 4 22662 139
needleleaf (bupyancy)
forest | \right & Zhang 4 8 1 21 26957 | 174
(wind+buoyancy)
Wright & Zhang
(wind+buoyancy, 4 8 11 21 1000 85
winter with cap)
Wang (wind) 8 17 23 40 390761 844
Wright & Zhang 6 12 17 28 6965 58
(wind)
deciduous | Wrght & Zhang | 1,1 o | g4 5 27485 | 169
broadleaf (bupyancy)
forest Wright & Zhang 6 12 17 32 34450 | 227
(wind+buoyancy)
Wright & Zhang
(wind+buoyancy, 6 12 17 32 1000 102
with cap)
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Ra caused by wind for evergreen needleleaf forest in summer
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Figure 4-1. Diurnal trend for aecrodynamic resistance caused by wind in the two models

for evergreen needleleaf forest in summer.
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Figure 4-2. Time series for aerodynamic resistance caused by wind in the two models for
evergreen needleleaf forest in summer.

39



(2) The difference between the two models and why

The two models have the same input for R, caused by wind, but their equations are
different. R, in Wang’s model was developed based on direct measurement of the
turbulence (Hicks et al., 1987), and R, in Wright & Zhang’s model was developed based
on micrometeorological approaches (Wesely and Hicks, 1977). As in Table 4-2, the
difference between the two models is in the range of 11-193% (mean of 47%). The mean
(47%) is greater than median (30%) because of the influence of large differences
(>100%, 329 out of 2899) that are caused by low u+ and wind speed (Fig. 4-3). Large
differences between the two models mostly happen during nighttime (Fig. 4-4) when ux
and wind speed are relatively low (Fig. 4-5). This is because low u« and wind speed
result in larger R, in both models, but to a greater degree in Wang’s model. Schwede et
al. (2011) also found that large values of R, are associated with low wind speed during

nighttime. This is similar to R, in Wang’s model.
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Table 4-2. Difference (%) in aerodynamic resistance for the two models in the two

se€asons.
Settings in Mean of
Season Land Wri Et & Minimu First Median Third Maxim | absolute
cover ,g m quartile quartile um differen
Zhang’s model ce
wind 11 26 30 48 193 47
evergreen | wind+buoancy i
needleleaf | (without cap) 129 12 28 34 162 32
forest wind+buoancy _129 13 29 35 199 36
summer (with cap)
wind 11 26 30 48 193 47
deciduous | wind+buoancy
broadleaf | (without cap) -131 1 28 34 161 33
forest wind+buoancy 131 13 29 35 198 36
(with cap)
wind 12 29 31 39 193 45
evergreen | wind+buoancy i
needleleaf | (without cap) 129 20 28 3 162 30
forest wind+buoancy _129 20 28 31 198 3
winter (with cap)
wind 12 29 30 38 193 44
deciduous | wind+buoancy
broadleaf | (without cap) -116 22 29 30 168 30
forest wind+buoancy 116 2 29 30 199 3
(with cap)
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Difference (%) vs wind speed, u* for evergreen needleleaf forest in summer

Difference(%)

< 10.0
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[ > 100.0

wind speed (m/s)

0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75
u* (m/s)

Figure 4-3. Contour plot for difference (%) versus wind speed and friction velocity for

evergreen needleleaf forest in summer.

Difference above 100% for evergreen needleleaf forest in summer
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Figure 4-4. Hourly frequency of difference above 100% between the two models for

evergreen needleleaf forest in summer.
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Diurnal trend of wind speed and u* for evergreen needleleaf forest in summer
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Figure 4-5. Diurnal trend for wind speed and friction velocity for evergreen needleleaf

forest in summer.

(3) Which model is better

Aerodynamic resistance caused by wind in Wright & Zhang’s model is more
appropriate for representation of gaseous pollutants air-surface exchange, including
GEM. This is because there are always some exchanges of gaseous pollutants between

the atmosphere and the surface under weak wind conditions. Extreme large R, leads to

small velocity, as in Wang’s model.

b) R, caused by buoyancy in Wright & Zhang’s model

As seen in Table 4-1, R, caused by buoyancy in Wright & Zhang’s model is in the
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range of -12s/m to 23761s/m and mean of absolute values is 266s/m. The value of R, is
positive during nighttime (Fig. 4-6) because thermal turbulence cause by buoyancy
inhibits GEM air-surface exchange under stable atmosphere. Extreme large values above
4000s/m also happen during nighttime (Fig. 4-7). The value of R, is negative during
daytime (Fig. 4-6) because thermal turbulence accelerates GEM air-surface exchange

under unstable atmosphere.

Rain Wright for evergreen needleleaf forest in summer
1200
2N —e— wind

1000 N = buoyancy
......... - wind+buoyancy

600

Ra (s/m)

400

200

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
hour

Figure 4-6. Diurnal trend for aerodynamic resistance caused by wind, buoyancy, and both
wind and buoyancy in Wright & Zhang’s model for evergreen needleleaf forest in

Summer.
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Count
W

Hour

Figure 4-7. Hourly frequency of aerodynamic resistance above 4000s/m caused by
buoyancy in Wright & Zhang’s model for evergreen needleleaf forest in summer.

¢) Compare the turbulence caused by wind and buoyancy in Wright & Zhang’s model

without cap with the turbulence caused by wind in Wang’s model
(1) R, caused by wind and buoyancy in Wright & Zhang’s model

As seen in Table 4-1, R, caused by wind and buoyancy in Wright & Zhang’s model
is in the range of 6-28266s/m (mean of 331s/m). Its value is always positive, because
Wright & Zhang assumed that R, caused by wind and buoyancy is 5s/m when R, is
smaller than 5s/m. R, caused by wind and buoyancy is similar to that caused by wind
during 6:00-17:00 (Fig. 4-6) due to small values of R, caused by buoyancy. R, caused by
wind and buoyancy is much larger than that caused by wind during 0:00-5:00 and 18:00-

23:00 (Fig. 4-6) owing to large values of R, caused by buoyancy. R, caused by wind and
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buoyancy in Wright & Zhang’s model and R, in Wang’s model have similar diurnal trend

with low values during daytime and high values during nighttime (Fig. 4-8).

Ra (without cap) for evergreen needleleaf forest in summer
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Figure 4-8. Diurnal trend for aecrodynamic resistance in the two models without cap for
evergreen needleleaf forest in summer.

(2) The difference between the two models and why

Table 4-2 shows the difference between the two models. Fig. 4-9 shows the time
series of R, in the two models and the difference between the two models is smaller
compared with the difference in Fig. 4-2. This is because R, caused by buoyancy results
in larger R, in Wright & Zhang’s model. R, in Wang’s model smaller than that in Wright
& Zhang’s model mainly happens during nighttime (Fig. 4-10) because of large positive

values in R, caused by buoyancy (Fig. 4-7) in Wright & Zhang’s.
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Ra (without cap) for evergreen needleleaf forest in summer
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Figure 4-9. Time series for aerodynamic resistance in the two models without cap for
evergreen needleleaf forest in summer.
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Figure 4-10. Hourly frequency of larger aerodynamic resistance in Wright & Zhang’s
model for evergreen needleleaf forest in summer.
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(3) Which model is better

Aerodynamic resistance in Wright & Zhang’s model is more appropriate for
representation of GEM air-surface exchange. This is because Wright & Zhang
considered the turbulence caused by wind and buoyancy. In nature, gaseous pollutants
are transported from the atmosphere to the surface by both mechanical and thermal

turbulence.

d) Compare the turbulence caused by wind and buoyancy in Wright & Zhang’s model

with cap with the turbulence caused by wind in Wang’s model

(1) R, caused by wind and buoyancy in Wright & Zhang’s model with cap

6% of R, in Wright & Zhang’s model was capped and 99% of the capped R, was at
night. Table 4-11 shows capped R, caused by wind and buoyancy in Wright & Zhang’s
model. R, in the two models has similar diurnal trend with low values during daytime
and high values during nighttime (Fig. 4-11). But trends at 2:00-4:00 and 19:00-22:00
are different in the two models because extreme large values of R, in Wright & Zhang’s
model were capped. There is only one extreme large value (>10000s/m) at 3:00 and two
extreme large values at 2:00 and 4:00 (Fig. 4-12). After R, in Wright & Zhang’s model
was capped, R, at 3:00 is relatively larger than that at 2:00 and 4:00. There is one
extreme large value at 20:00 (Fig. 4-12). After R, in Wright’s model was capped, R, at

20:00 is relatively smaller than that at 19:00 and 21:00.
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Ra (with cap) for evergreen needleleaf forest in summer
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Figure 4-11. Diurnal trend for aerodynamic resistance in the two models with cap in
Wright & Zhang’s model for evergreen needleleaf forest in summer.
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Figure 4-12. Boxplot for acrodynamic resistance caused by wind and buoyancy in Wright
& Zhang’s model without cap for evergreen needleleaf forest in summer.
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(2) The difference between the two models and why

The difference between the two models is shown in Table 4-2. Fig. 4-13 shows the
time series for R, in the two models and the difference between the two models is larger
compared with the difference in Fig. 4-9. This is because large R, in Wright & Zhang’s

model was capped to 1000s/m.

Ra (with cap) for evergreen needleleaf forest in summer
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Figure 4-13. Time series for aerodynamic resistance in the two models with cap in Wright
& Zhang’s model for evergreen needleleaf forest in summer.

(3) Which model is better

Aerodynamic resistance in Wright & Zhang’s model is more appropriate for
representation of GEM air-surface exchange (Table E4). This is because Wright &
Zhang considered the turbulence caused by wind and buoyancy. In nature, gaseous

pollutants are transported from the atmosphere to the surface by both mechanical and
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thermal turbulence. In Wright & Zhang’s model, the cap that prevents R, to be extremely
large reflects that there is always some exchange of gaseous pollutants between the

atmosphere and the surface under weak wind conditions.

Deciduous broadleaf forest in summer

In R,, only wind speed and roughness are related with land cover. In summer, wind
speed for deciduous broadleaf forest is similar to that for evergreen needleleaf forest
(Table D1). For evergreen needleleaf forest, roughness was assumed as a constant of
0.9m. For deciduous broadleaf forest, roughness is dependent on LAI In summer, LAI
ranges from 4.6 to 5.7 (mean of 5.3) and roughness is in the range of 0.87-1m (mean of
0.95m). Roughness for evergreen needleleaf forest (0.9m) is close to that for deciduous
broadleaf forest (mean, 0.95m). Thus it is expected that the difference between the two
models is similar for the two land covers in summer. As in Table 4-1, R, in the same case
i1s similar for the two land covers in summer. As seen in Table 4-2, the difference
between the two models is also similar for the two covers in summer (36% vs. 36%), as

expected.

Evergreen needleleaf forest in winter

As in Table 4-1, R, caused by wind in Wang’s model is larger than that caused by
wind and buoyancy in Wright & Zhang’s model (mean, 561m/s >85m/s). The reason is
similar to that for evergreen needleleaf forest in summer. Higher wind speed in winter

(Table D1) results in smaller R, caused by wind in both models, but to a great degree in
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Wang’s model. Higher wind speed in winter also caused smaller R, caused by buoyancy
in Wright’s model. Table 4-2 shows the difference between the two models is similar to

that for evergreen needleleaf forest in summer (32% vs. 36%).

Deciduous broadleaf forest in winter

In R,, only wind speed and roughness are related with land cover. In winter, wind
speed for deciduous broadleaf forest is similar to that for evergreen needleleaf forest
(Table D1). For evergreen needleleaf forest, roughness was assumed as a constant of
0.9m. For deciduous broadleaf forest, roughness is dependent on LAI In winter, LAI
ranges from 0.6 to 1 (mean of 0.72) and roughness is in the range of 0.4-0.44m (mean of
0.41m). Small roughness leads to large R, in both models, to a greater degree in Wang’s
model. As in Table 4-1, R, in Wang’s model is larger than that in Wright & Zhang’s
model (mean, 844s/m>102s/m). As seen in Table 4-2, the difference between the two

models is similar to that for evergreen needleleaf forest in winter (32% vs. 32%).

Summary

Regardless of season and land cover, R, in Wang’s model is larger than that in
Wright & Zhang’s model (mean, 927s/m>108s/m). For the same land cover and different
seasons, the difference between the two models is similar (36% vs. 32% for evergreen
needleleaf forest, 36% vs. 32% for deciduous broadleaf forest). Although higher wind
speed in winter leads to smaller R, in both models and to a greater degree in Wang’s

model, higher wind speed does not cause significant influence in the difference between
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the two models. As in Table 4-3, season is insignificant in the difference between the two

models (p=0.926).

Table 4-3. Analysis of variance (ANOVA) of the difference in aerodynamic resistance
between the two models.

Parameter p-value
season 0.926
land cover 0.052
season*land cover 0.026

For different land covers and the same season, the difference between the two
models is similar (36% vs. 36% in summer, 32% vs. 32% in winter). In summer, this is
because of similar wind speed and roughness in the two land covers. In winter, although
small roughness causes larger R, in both models and to a great degree in Wang’s model,
small roughness does not cause significant effect on the difference between the two
models. Wind speed in winter is similar for the two land covers. However, land cover is

significant in the difference between the two models (p=0.052).

4.1.2 Quasi-laminar resistance (Ry)

For Ry, two parameters are different in the two models—air diffusivity (VI) and
GEM diffusivity (DI), and other parameters are the same (Table C1). Wang assumed VI
to be 0.22cm’/s and DI to be 0.13cm*/s. The ratio of VI to DI is 1.69. In Wright &
Zhang’s model, VI and DI are dependent on ambient temperature, and are not related

with land cover.
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Evergreen needleleaf forest in summer

a) Ry in the two models

Table 4-4 shows Ry in the two models. Ry in the two models has similar diurnal

trend with low values during daytime and high values during nighttime (Fig. 4-14 and

Table E1). Ry, in Wang’s model is always smaller than that in Wright & Zhang’s (Fig. 4-

15).

Table 4-4. Quasi-laminar resistance (Ry, s/m) for the two models in the two seasons.

Land Season Model Minimu Flrs't Median Thqu Maximu Mean
cover m quartile quartile m
Wang 9 19 25 43 7004 101
summer | Wright
evergreen &h 10 21 29 50 8302 118
needleleaf Zhang
forest Wang 6 12 16 27 6680 56
: Wright
t
WIer ) g 7 15 20 33 8257 69
Zhang
Wang 9 18 25 43 6907 99
Wright
. summer | g 10 21 29 49 8186 116
deciduous
broadleaf Zhang
forest ga.nfit 7 15 20 22 8102 68
. rig
t
W g 8 18 24 39 10014 83
Zhang
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Rb for evergreen needleleaf forest in summer
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Figure 4-14. Diurnal trend for quasi-laminar resistance in the two models for evergreen
needleleaf forest in summer.
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Figure 4-15. Time series for quasi-laminar resistance in the two models for evergreen
needleleaf forest in summer.
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b) The difference between the two models and why

The two models have the same equation for Ry, however their settings on VI and DI

are different. Wang assumed that VI is 0.22cm?/s and DI is 0.13cm?/s. The ratio of VI to

DI is 1.69. In Wright & Zhang’s model, VI and DI are dependent on temperature. The

difference between the two models is listed in Table 4-5. In summer, ambient

temperature varies between 12.6'C and 35.5°C (mean of 26.9°C). In Wright & Zhang’s

model, the range of VI is 0.18-0.19cm?/s (mean of 0.18cm?/s) and VI is larger in Wang’s

model (0.22cm?/s>0.18cm?/s). The range of DI is 0.08-0.1cm?/s (mean of 0.09cm?*/s) and

DI is also larger in Wang’s model (0.13cm*/s>0.09cm?/s). The ratio of VI to DI is in the

range of 1.97-2.15 (mean of 2.04) and the ratio is smaller in Wang’s model (1.69<2.04).

Smaller ratio leads to smaller Ry, in Wang’s model.

Table 4-5. Difference (%) in quasi-laminar resistance for the two land covers in the two

s€asons.
Mean of
. . absolute
Land cover Season Minimum Flrs.t Median Thqu Maximum difference
quartile quartile
(%)
evergreen summer -18 -15 -15 -14 -13 15
needleleaf
forest winter -23 21 -19 -18 -15 19
deciduous summer -18 -15 -15 -14 -13 15
broadleaf
forest winter -23 21 -19 -18 -15 19
¢) Which model is better

Quasi-laminar resistance in Wright & Zhang’s model is more appropriate for GEM

air-surface exchange (Table E4). This is because Ry, in Wright & Zhang’s model reflects
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the effect of ambient temperature on air diffusivity and GEM diffusivity. When the ratio

of air diffusivity to GEM diffusivity is large, exchange of GEM is difficult.

Deciduous broadleaf forest in summer

The difference between the two models is only dependent on ambient temperature,
and is not related with land cover. It is expected that the difference between the two
models is the same for two land covers in summer. Table 4-4 shows that Ry, in Wang’s
model is smaller than that in Wright & Zhang’s model (mean, 99s/m<116s/m). As seen
in Table 4-5, the difference between the two models is the same as that for evergreen

needleleaf forest in summer, as expected (15% vs. 15%).

Evergreen needleleaf forest in winter

The difference between the two models is only dependent on ambient temperature,
and ambient temperature is lower in winter (Table D1). In Wright & Zhang’s model, VI
in winter (mean, 0.17cm?/s) is similar to that in summer (mean, 0.18cm?/s). DI in winter
(mean, 0.08cm?/s) is also similar to that in summer (mean, 0.09cm?/s). The ratio of VI to
DI in winter (mean, 2.18) is similar to that in summer (mean, 2.04). In Wang’s model,
the ratio of VI to DI is a constant of 1.69. Thus, it is expected that the difference between
the two models is similar in the two seasons. As seen in Table 4-4, R, in Wang’s model is
smaller than that in Wright & Zhang’s model (mean, 56s/m<69s/m). As in Table 4-5, the
difference between the two models is similar to that for evergreen needleleaf forest in

summer (19% vs. 15%), as expected.
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Deciduous broadleaf forest in winter

The difference between the two models is only dependent on ambient temperature,
and is not related with land cover. It is expected that the difference between the two
models is the same for two land cover in winter. Table 4-4 shows that R, in Wang’s
model is smaller than that in Wright & Zhang’s model (mean, 68s/m<8§3s/m). As shown
in Table 4-5, the difference between the two models is the same as that for evergreen

needleleaf forest in winter, as expected (19% vs. 19%).

Summary

Regardless of season and land cover, R, in Wang’s model is smaller than that in
Wright & Zhang’s model (mean, 79s/m<94s/m). For the same land cover and different
seasons, the difference between the two models is similar (15% vs. 19% for evergreen
needleleaf forest, 15% vs. 19% for deciduous broadleaf forest) because of similar values
of VI and DI as well as the ratio of VI to DI in Wright & Zhang’s model. However, as in

Table 4-6, season is significant in the difference between the two models (p=0.001).

Table 4-6. Analysis of variance (ANOVA) of the difference in quasi-laminar resistance
between the two models.

Parameter p-value
season 0.001
land cover 0.99
season*land cover 0.99

For the same season and different land cover, the difference between the two models
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is the same (15% vs. 15% in summer, 19% vs. 19% in winter). This is because VI and DI
are not dependent on land cover. Table 4-6 shows that land cover has little effect on the

difference between the two models (p=0.99).

4.1.3 Stomata resistance (Ry)

For Ry, constant values for stomata closure, visible solar radiation, water vapor
diffusivity (DV), GEM diffusivity (DI), and the range of correction factor for water
vapor pressure deficit of air (fp) are different in the two models, and other parameters are
the same (Table C1). (1) Wang and Wright & Zhang set a constant value for Ry as
1820500s/m and 296120s/m, respectively, to represent stomata closure. (2)
Parameterizations of visible solar radiation in the two models are different. Wang
assumed that visible solar radiation is calculated from a constant solar radiation of
600W/m’ at the top atmosphere. In Wright & Zhang’s model, visible solar radiation is
calculated from input solar radiation. Both Wang and Wright & Zhang assumed that
barometric pressure has an effect on visible solar radiation. However Wang required
input barometric pressure and Wright & Zhang assumed barometric pressure to be
101.3kPa. The difference in visible solar radiation between the two models is not related

with land cover.

(3) In Wang’s model, DV and DI were assumed to be 0.237cm*/s and 0.13cm?/s,
respectively. The ratio of DV to DI is 1.82. In Wright & Zhang’s model, DV and DI are
dependent on ambient temperature. However the ratio of DV to DI is a constant of 2.96.
The difference in ratio of DV to DI between the two models is not related with land

cover and season. (4) fp reflects the effect of water vapor pressure deficit on stomata.
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Water vapor pressure deficit is the difference between actual air moisture and saturated
air moisture. Water vapor pressure deficit is large when actual air moisture is much
lower than saturated air moisture. fp has different ranges in the two models. Wang

assumed fp to be in the range of 0-1.0, and Wright & Zhang set its range to be 0.1-1.0.

Evergreen needleleaf forest in summer
a) Ry in the two models

Table 4-7 shows Ry in the two models. Ry in Wright & Zhang’s model always keeps
small values during daytime, and that in Wang’s model has large values during 11:00-
16:00 (Fig. 4-16 and Table E1). Large values in Wang’s model is caused by fp smaller
than 0.1 (Fig 4-17). Small fp leads to large Ry in Wang’s model. Assuming that fp in
Wang’s model is greater or equal to 0.1, as in Wright & Zhang’s model, Ry in Wang’s
model always keeps small values during daytime (Fig. 4-16). During daytime, 85% of
Ry in Wright & Zhang’s model is larger than that in Wang’s model. However, Ry in
Wang’s model has extreme large values (>10°s/m) (Fig. 4-18). Most of large values in
Wang’s model is due to fp smaller than 0.1. Assuming that fp in Wang’s model is greater
or equal to 0.1, large values in Wang’s model are much fewer (Fig. 4-19). However,
there are still large values in the two models in September. This is because daytime was
set from 6:00 to 18:00 in summer. In September, sunrise occurs later and sundown
occurs earlier. Solar radiation at 6:00 and 18:00 are weaker, and thus Ry in the two
models are large. Overall, Ry in Wang’s model is larger than that in Wright & Zhang’s

model (mean, 891108s/m>136953s/m).
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Table 4-7. Stomata resistance (Ry, s/m) for the two models in the two seasons.

Season Land Model Minimum Flrs.t Median Th@d Maximum Mean
cover quartile quartile
Wang
evergreen 691 1410 17372 1820500 | 1820500 871108
needleleaf Wiioht &
forest Zhr;rgl 936 2185 | 12900 | 296120 | 1123590 | 136953
summer Wang
deciduous & 610 897 1820500 | 1820500 | 1820500 986362
broadleaf Wit &
forest right 731 1240 | 4078 | 296120 | 778415 | 135133
Zhang
Wang
evergreen 807 1718 1820500 | 1820500 | 1820500 | 1070650
needleleaf -
forest ;’Vhrlght & 1072 3080 296120 | 296120 870393 178713
. ang
winter Wan
deciduous & 953 2305 1820500 | 1820500 | 1820500 | 1152673
broadleaf -
forest Wright & 1391 | 4696 | 296120 | 296120 | 487310 | 192182
Zhang
Rst for evergreen needleleaf forest in summer
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Figure 4-16. Diurnal trend for stomata resistance in the two models for evergreen

needleleaf forest in summer.
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Figure 4-17. Hourly frequency of the correction factor for water vapor pressure deficit
below 0.1 in Wang’s model for evergreen needleleaf forest in summer.
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Figure 4-18. Time series for stomata resistance in the two models during daytime for
evergreen needleleaf forest in summer.
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Time Series Plot of Rst (fD>=0.1) for evergreen needleleaf forest in summer
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Figure 4-19. Time series for stomata resistance with correction factor for water vapor
pressure deficit >=0.1 in Wang’s model during daytime for evergreen needleleaf forest in

Summer.

b) The difference between the two models and why

(1) The difference between the two models

As seen in Table 4-8, the difference between the two models varies between -197%

and 199%, and mean of absolute difference is 98%. The difference is mainly caused by

fp and constant values for stomata closure.
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Table 4-8. Difference (%) in stomata resistance for the two models in the two seasons.

Mean of
Land Settings in Minimu First . Third | Maximu absolute
Season the two . Median . differenc
cover m quartile quartile m
models e
(%)
no change -197 -36 11 144 199 98
visible solar
radiation in
Wang's 195 | 33 10 144 | 199 93
evergreen n:;]d.elh &
needleleaf (Wright
forest Zhang)
summer DV/DI=1.82
(Wright & -195 -4 55 164 199 94
Zhang)
fp>0.1
(Wang) -197 -40 -26 144 144 91
deciduous
broadleaf | no change -197 -24 144 144 199 104
forest
evergreen
needleleaf | no change -195 -42 144 144 144 108
winter fqrest
deciduous
broadleaf | no change -194 -42 144 144 144 113
forest

(2) Effect of constant values for stomata closure

Stomata will close when there is no solar radiation during nighttime. Wang and

Wright & Zhang assumed that Ry will be constants of 1820500s/m and 296120s/m for

stomata closure, respectively. These two constant values are not affected by land cover

and season.

(3) Effect of visible solar radiation

Both Wang and Wright & Zhang assumed that barometric pressure has an influence

on visible solar radiation. Wang required input barometric pressure and Wright & Zhang
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assumed barometric pressure to be 101.3kPa. In summer, input barometric pressure is in
the range of 97kPa and 99kPa (mean of 98kPa) and is close to 101.3kPa. Different

treatments on barometric pressure have little effect on visible solar radiation.

Wang assumed that visible solar radiation is calculated from a constant solar
radiation of 600W/m” at the top atmosphere. Visible solar radiation ranges from OW/m?
to 534W/m” (mean of 337W/m?). Wright & Zhang assumed that visible solar radiation is
calculated from input solar radiation. Visible solar radiation varies between OW/m? and
403W/m? (mean of 179W/m?). Large visible solar radiation leads to small Ry in Wang’s
model. Assuming that visible solar radiation in Wright & Zhang’s model is the same as
that in Wang’s model, the difference between the two models is in the range of -195% to
199% and mean of absolute difference is 93% (Table 4-8). This difference is similar to
98%. Different parameterizations of visible solar radiation have little effect on the

difference between the two models.

(4) Effect of ratio of DV to DI

In Wang’s model, DV and DI were assumed to be 0.237cm*/s and 0.13cm?s,
respectively. The ratio of DV to DI is 1.82. In Wright & Zhang’s model, DV and DI are
dependent on temperature, and the ratio of DV to DI is a constant of 2.96. Small ratio of
DV to DI results in small Ry in Wang’s model. Assuming that the ratio of DV to DI is
1.82 in Wright & Zhang’s model, the difference between the two models is in the range
of -195% to 199% and mean of absolute difference is 94% (Table 4-8). This difference is
similar to 98%. Different ratios of DV to DI have little effect on the difference between

the two models.
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(5) Effect of fp

The range of fp is different in the two models. Wang assumed fp, to be in the range
of 0-1.0, and its range was 0.1-1.0 in Wright & Zhang’s. When ambient water vapor
pressure deficit is high, fp is small because stomata will partially close to protect leaves
from losing too much water. fp below 0.1 leads to large Ry in Wang’s model. fp below
0.1 in Wang’s model is only produced during daytime (Fig. 4-17). Assuming fp in
Wang’s model is greater than or equal to 0.1, as in Wright & Zhang’s model, the
difference between the two models is in the range of -197% to 144% and mean of
absolute difference is 91% (Table 4-8). This difference is smaller than 98%. Different

ranges of fp have an effect on the difference between the two models.

¢) Which model is better

Wright & Zhang’s model is more appropriate for representation of GEM air-surface
exchange (Table E4). The parameterization of visible solar radiation in Wright &
Zhang’s model is more appropriate for the simulation of solar radiation received by
leaves. This is because the calculation of visible solar radiation from input solar
radiation reflects the effect of clouds. In Wright & Zhang’s model, the dependence of
DV and DI on ambient temperature is better. fp above 0.1 is better because leaves in

forest will close partially when ambient water vapor is deficient during daytime.

Deciduous broadleaf forest in summer
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In Ry, only LAI and fp are related with land cover. Larger LAI for deciduous
broadleaf forest (Table D1) causes more visible solar radiation received by leaves and
smaller Ry in both models. In fp, water vapor pressure deficit (D) is not dependent on
land cover, but empirical water vapour pressure deficit constant (bypq) 1s a constant for
each land cover (Table Cl). by, was set as 0.3 1kPa! and 0.36kPa™ for evergreen
needleleaf’ forest and deciduous broadleaf forest, respectively. Larger b,,q leads to
smaller f, and more fp below 0.1 in Wang’s model (Fig. 4-20) for deciduous broadleaf
forest compared with Fig. 17. More fj, below 0.1 causes larger Ry in Wang’s model. As
in Table 4-7, R in Wang’s model is larger than that for Wright & Zhang’s model (mean,
986362s/m>135133s/m) and the reason is similar to that for evergreen needleleaf forest
in summer. As seen in Table 4-8, there are more Ry in Wang’s model larger than that in
Wright & Zhang’s model, compared with that for evergreen needleleaf forest in summer.
However, the overall difference between the two models is similar to that for deciduous

broadleaf forest in summer (104% vs. 98%).
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Figure 4-20. Hourly frequency of the correction factor for water vapor pressure deficit
below 0.1 in Wang’s model for deciduous broadleaf forest in summer.

Evergreen needleleaf forest in winter

In Ry, solar radiation, LAI, and fp are related with season. Smaller solar radiation in
winter (Table D1) leads to larger Ry for both models. Longer nighttime results in more
stomata closure and more large values of Ry in the two models. Smaller LAI in winter
(Table D1) also causes larger Ry in both models. fp below 0.1 does not happen in winter
because water vapor content in the air is high, which results in smaller Ry in Wang’s
model. As in Table 4-7, Ry in Wang’s model is larger than that in Wright & Zhang’s
model (mean, 1070650s/m>178713s/m). As seen in Table 4-8, the difference between
the two models is larger than that for evergreen needleleaf forest in summer (108% vs.
98%). For Ry that is smaller in Wang’s model, the difference between the two models is

larger because of fp above 0.1. For Ry that is larger in Wang’s model, the difference
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between the two models is also larger because of more stomata closure.

Deciduous broadleaf forest in winter

In Ry, only LAI and fp are related with land cover. Smaller LAI for deciduous
broadleaf forest (Table D1) causes fewer visible solar radiation received by leaves and
larger Ry in both models. fp is always larger than 0.1 in Wang’s model. Table 4-7 shows
that Ry in Wang’s model is larger than that for Wright & Zhang’s model (mean,
1152673s/m>192182s/m). As seen in Table 4-8, the difference between the two models

is similar to that for evergreen needleleaf forest in winter (113% vs. 108%).

Summary

Regardless of season and land cover, Ry in Wang’s model is larger than that in
Wright & Zhang’s model (mean, 1019048s/m>160435s/m). For the same land cover and
different seasons, greater difference between the two models is in winter (98% vs. 108%
for evergreen needleleaf forest, 104% vs. 113% for deciduous broadleaf forest) because
of fp above 0.1 and more stomata closure under longer nighttime. For R that is smaller
in Wang’s model, the difference between the two models is larger because of fp above
0.1. For Ry that is larger in Wang’s model, the difference is also larger because of more
stomata closure. As in Table 4-9, season is significant in the difference between the two

models (p=0.001).
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Table 4-9. Analysis of variance (ANOVA) of the difference in stomata resistance between
the two models.

Parameter p-value
season 0.001
land cover 0.001
season*land cover 0.002

For different land cover in summer, although smaller b,pq leads to more fp below 0.1
and larger Ry in Wang’s model for deciduous broadleaf forest, the difference between
the two models is similar (98% vs. 104%). For different land cover in winter, the
difference between the two models is similar (108% vs. 113%) due to f above 0.1 in
Wang’s model in winter. However, Table 4-9 shows that land cover is significant in the

difference between the two models (p=0.001).

4.1.4 Cuticle resistance (Rcy)
Reu 18 the same in the two models, and thus there is no difference between the two

models regardless of season and land cover.

4.1.5 In-canopy aerodynamic resistance (R,)

For evergreen needleleaf forest, regardless of season, there is no difference between
the two models because R, is the same in the two models. For deciduous broadleaf
forest, only one parameter is different in the two models—reference value of R, (Rauco),
and other parameters are the same (Table C1). Wang assumed R, to be a constant of
250s/m for deciduous broadleaf forest. In Wright & Zhang’s model, R, is dependent on

LAL
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Deciduous broadleaf forest in summer

a) R, in the two models

Table 4-10 shows R, in the two models. R,. in the two models has similar diurnal
trend with low values during daytime and high values during nighttime (Fig. 4-21 and
Table E1). R,c in Wang’s model is always larger than that in Wright & Zhang’s model

(Fig. 4-22).

Table 4-10. In-canopy aerodynamic resistance (R, s/m) in the two models for deciduous
broadleaf forest in the two seasons.

Land Season Model Minimu FII'S.'[ Median Thlr.d Maximu Mean
cover m quartile quartile m
Wang 581 2651 4862 14460 3.8*%10° 1431131
summer | Wright i
deciduous ;Lh 220 1022 1877 5657 1.5*10 556848
broadleaf ang Py
forest Wang 240 1009 1865 5100 3*10 485466
. Wright
t
winer ) ¢ 59 246 455 1242 7107 | 117880
Zhang
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Rac for deciduous broadleaf forest in summer

7000000 | -~ 2500000
n
l,»' —e— Wang
6000000 A\w | ®-- Wright
; - 2000000
5000000 -
—~ ~—~
& - 1500000 §
Z 4000000 - =
2 5
< =)
2 3000000 - =
[ } 1000000 |
8 g
R 2000000 e
- 500000
1000000 |
0- -0
T

T T T T T T T T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 1011 1213 14 15 16 17 18 19 20 21 22 23
hour

Figure 4-21. Diurnal trend for in-canopy aerodynamic resistance in the two models for
deciduous broadleaf forest in summer.
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Figure 4-22. Time series for in-canopy aerodynamic resistance in the two models for
deciduous broadleaf forest in summer.
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b) The difference between the two models and why

The two models have the same equation for R, but their settings on R, are
different. Wang assumed R, to be a constant of 250s/m for deciduous broadleaf forest.
In Wright & Zhang’s model, R, is related with LAIL. As in Table 4-11, the difference
between the two models is in the range of 86-93% (mean of 89%). For deciduous
broadleaf forest in summer, LAI ranges from 4.64-5.75 (mean of 5.3) and R, in Wright
& Zhang’s model is in the range of 91-100s/m (mean of 96s/m). Larger R, results in

larger R, in Wang’s model.

Table 4-11. Difference (%) in In-canopy aerodynamic resistance for deciduous broadleaf
forest in the two seasons.

Season Minimum Flrs.t Median Thqu Maximum Mean
quartile quartile
summer 86 87 88 90 93 89
winter 119 121 122 123 123 122
¢) Which model is better

Ry in Wright & Zhang’s model is more appropriate for representation of GEM air-
surface exchange (Table E4). This is because R, in Wright & Zhang’s model reflects
the effect of canopy growth on GEM exchange through canopies. When LAI is large, it

is difficult for GEM to be transported through canopies.

Deciduous broadleaf forest in winter

The difference between the two models for deciduous broadleaf forest is only
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dependent on LAI For deciduous broadleaf forest, LAI in summer ranges between 4.64
and 5.75 (mean of 5.3) and that in winter is in the range of 0.6-1 (mean of 0.72). In Fig.
4-23, Ryeo in summer and winter is plotted with daily data from Wright & Zhang’s
model. Smaller LAI in winter (mean, 0.72<5.3) leads to smaller R,¢o and smaller R,. in
Wright & Zhang’s model. In Wang’s model, R, is a constant of 250s/m. Therefore, it is
expected that greater difference between the two models for deciduous broadleaf forest
is in winter. As seen in Table 4-10, R,. in Wang’s model is larger than that in Wright &
Zhang’s model (mean, 485466s/m>117880s/m). Table 4-11 shows the difference

between the two models is greater in winter (89% vs. 122%), as expected.
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Figure 4-23. Time series of reference value for in-canopy aerodynamic resistance for
deciduous broadleaf forest in Wright & Zhang’s model.
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Summary

Regardless of season, R, for evergreen needleleaf forest is the same in the two
models. For deciduous broadleaf forest, R, in Wang’s model is larger than that in Wright
& Zhang’s model (mean, 964244s/m>340124s/m). This is because larger R, leads to
larger R, in Wang’s model. For deciduous broadleaf forest and different seasons, greater
difference between the two models is in winter (89% vs. 122%). This is caused by
smaller LAI (mean, 0.72<5.3), smaller R, (mean, 61s/m<96s/m), smaller R, in Wright
& Zhang’s model. As in Table 4-12, both season and land cover are significant in the

difference between the two models (p=0.001).

Table 4-12. Analysis of variance (ANOVA) of the difference in in-canopy aerodynamic
resistance between the two models.

Parameter p-value
season 0.001
land cover 0.001
season*land cover 0.001

4.1.6 Soil resistance (Ry)

Soil resistance is not related with land cover in both models, thus the difference
between the two models is not related with land cover. For R,, Wang considered both dry
and wet soil, and Wright & Zhang only considered dry soil. Wang assumed that R, for
dry and wet soil are 2000s/m and 5000s/m, respectively. Wet soil will occur when soil
volumetric water content is greater than or equal to 0.2m>/m’. Wright & Zhang assumed
R, to be 2000s/m, regardless of dry and wet soil. Wright & Zhang considered surface
temperature below -1°C in winter and Wang did not. In Wright & Zhang’s model, R,

increases by as much as two times when surface temperature is below -1 C (Zhang et al.,
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2003).

Evergreen needleleaf forest in summer
a) R, in the two models

Table 4-13 shows R, in the two models. R, in Wright & Zhang’s model has no
diurnal variation and that in Wang’s model has an obvious diurnal trend with low values
during daytime and high values during nighttime (Fig. 4-24 and Table E1). The diurnal
trend in Wang’s model corresponds to the diurnal trend for wet soil (Fig. 4-25). Wet soil
results in larger R, in Wang’s model. R, in Wang’s model is always greater than or equal

to that in Wright & Zhang’s model (Fig. 4-26).

Table 4-13. Soil resistance (R,, s/m) in the two models for evergreen needleleaf forest in
the two seasons.

Season Model Minimum Flrs.t Median Thlr.d Maximum Mean
quartile quartile
Wang 2000 2000 2000 5000 5000 2979
summer 1
Wright & 2000 2000 2000 2000 2000 2000
Zhang
Wang 2000 2000 2000 5000 5040 2950
winter ;
Wright & 2000 2000 2000 2036 4450 2315
Zhang
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Figure 4-24. Diurnal trend for soil resistance in the two models for evergreen needleleaf
forest in summer.
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Figure 4-25. Diurnal trend for wet soil for evergreen needleleaf forest in summer.
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Time Series Plot of Rg for evergreen needleleaf forest in summer
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Figure 4-26. Time series for soil resistance in the two models for evergreen needleleaf
forest in summer.

b) The difference between the two models and why

For dry soil, R, in the two models is the same (2000s/m). For wet soil, R, is
2000s/m and 5000s/m in Wright & Zhang’s model and Wang’s model, respectively. As in
Table 4-14, the difference between the two models is in the range of 0-86% (mean of
28%). Wet soil leads to larger R, in Wang’s model. Wesely and Hicks (2000) introduced
that wet soil leads to small surface deposition velocity for ozone (with low solubility).

This proves that wet soil causes large soil resistance.
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Table 4-14. Difference (%) in soil resistance for evergreen needleleaf forest in summer.

Mean of
.. First . Third . absolute
Season Minimum quartile Median quartile Maximum difference
(%)
summer 0 0 0 86 86 28
winter -67 0 0 86 86 32
¢) Which model is better

R, in Wang’s model is more appropriate for representation of gaseous pollutants air-
surface exchange, including GEM. This is because Wang considered the effect of wet
soil on exchange of gaseous pollutants through soil. When there is more water in the

soil, it is difficult for gaseous pollutants to be transported through soil.

Evergreen needleleaf forest in winter
a) R, in the two models

R, in the two models is shown in Table 4-13. Diurnal trend of R, in the two models
is different (Fig. 4-27). The diurnal trend in Wang’s model corresponds to the diurnal
trend for wet soil (Fig. 4-28). Wet soil results in larger R, in Wang’s model. The diurnal
trend in Wright & Zhang’s model corresponds to the diurnal trend for surface
temperature below -1°C (Fig. 4-29). Surface temperature below -1°C leads to larger R, in
Wright & Zhang’s model. Overall, R, in Wang’s model is larger than that in Wright &

Zhang’s model (mean, 2950s/m>2315s/m).
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Rg for evergreen needleleaf forest in winter
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Figure 4-27. Diurnal trend for soil resistance in the two models for evergreen needleleaf
forest in winter.
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Figure 4-28. Diurnal trend for wet soil for evergreen needleleaf forest in winter.
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Boxplot of surface temperature (<-1 C) in winter
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Figure 4-29. Diurnal trend for surface temperature below -1°C in winter.

b) The difference between the two models and why

Both wet soil and surface temperature below -1'C have an influence in the
difference between the two models. For dry soil, Ry in the two models is the same
(2000s/m). For wet soil, Ry is 2000s/m and 5000s/m in Wright & Zhang’s model and
Wang’s model, respectively. Wet soil leads to larger R, in Wang’s model. With surface
temperature below -1°C, R, in Wright & Zhang’s model is larger and at most 4450s/m.
As in Table 4-14, the difference between the two models is in the range of -67% to 86%
and mean of absolute difference is 32%. Surface temperature below -1°C during
December-February causes small difference between the two models, and surface
temperature above -1'C during February -March leads to large difference between the

two models (Fig. 4-30).
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Time Series Plot of Rg for evergreen needleleaf forest in winter
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Figure 4-30. Time series for soil resistance in the two models for evergreen needleleaf
forest in winter.

¢) Which model is better

Each model has its own strength for representation of gaseous pollutants air-surface
exchange (Table E4). Wang considered the effect of wet soil on exchange of gaseous
pollutants through soil. When there is more water in the soil, it is difficult for gaseous
pollutants to be transported through soil. Wright & Zhang considered the effect of
surface temperature on exchange of gaseous pollutants. When the water in the soil is
frozen, it is difficult for gaseous pollutants to move through soil. If Wright & Zhang

consider the effect of wet soil, their model will be more appropriate.

Summary
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Regardless of season and land cover, R, in Wang’s model is larger than that in
Wright & Zhang’s model (mean, 2965s/m>2155s/m) because wet soil leads to larger R,
in Wang’s model. For different land cover and the same season, the difference between
the two models is the same because R, is not dependent on land cover. For the same land
cover and different seasons, the difference is similar in the two seasons (28% vs. 32%),
however the reason is different. In summer, wet soil results in larger R, in Wang’s
model. In winter, surface temperature below -1 C leads to larger R, in Wright & Zhang’s
model, and wet soil results in larger R, in Wang’s model. As seen in Table 4-15, season

is significant in the difference between the two models (p=0.001).

Table 4-15. Analysis of variance (ANOVA) of the difference in soil resistance between
the two models.

Parameter p-value
season 0.001
land cover 0.99
season*land cover 0.99

4.2 Velocities

4.2.1 Stomata emission velocity (V)

The parameterization of V; is the same in the two models (Table C2).

Evergreen needleleaf forest in summer
a) Vg in the two models

Table 4-16 shows V¢ in the two models. V in the two models has similar diurnal

trend with high values during daytime and low values during nighttime (Fig. 4-31 and
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Table E1). V is calculated from all six resistances, (1) R, is larger in Wang’s model

(section 4.1.1), (2) Ry is smaller in Wang’s model (section 4.1.2), (3) Ry is larger in

Wang’s model (section 4.1.3), (4) Rey is the same in the two models (section 4.1.4), (5)

R, 1s the same in the two models (section 4.1.5), and (6) R, is larger in Wang’s model

(section 4.1.6).

Table 4-16. Stomata emission velocity (Vg, um/s), 1/Ry (um/s), and Ry/(R,+Ry) for the
two models in the two seasons.

Ve 1/Rg, .. First . Third .

Season | Land cover | Model or Minim quartil Media quartil Maxim Mean
R/RARy) | "™ e n e um

V, 0 1 56 591 1355 | 293

Wang /Ry, 0 1 57 616 | 1448 | 310

cvergreen R/(R,+Ry) | 0.32 0.96 0.97 0.98 0.99 0.96

‘f‘(ffe‘llteleaf Wright & |V 1 3 74 386 | 934 199

Zhang /Ry, 1 3 76 400 983 207

summer R/RARy) | 076 | 096 | 097 | 098 | 099 | 097

Vg 0 1 1 927 | 1560 | 401

. Wang /Ry, 0 1 1 974 | 1640 | 426

gfg;i‘f:;fs R/(R, Ry | 02 | 096 | 098 | 0.99 1 0.97

forost Wright & Vs 1 3 224 656 | 1197 | 335

Zhang /Ry, 1 3 230 686 | 1271 | 352

R/(R, R, | 07 096 | 097 | 098 | 099 | 097

Vg 0 1 1 543 | 1176 | 237

Wang /Ry, 1 1 1 560 | 1238 | 245

flzzggl:s:f R/R+Ry) | 0.83 | 097 | 098 | 0.99 1 0.98

forest Wright & Vs 1 3 3 302 899 143

Zhang /Ry, 1 3 3 309 933 147

winter R/R.Ry) | 079 | 097 | 098 | 0.99 1 0.98

Vg 0 1 1 398 990 187

. Wang /Ry, 1 1 1 409 | 1049 | 194

gfg;‘é‘ll:;fs R/(R, Ry | 079 | 097 | 099 | 0.99 1 0.98

forost Wright & |V 2 3 3 194 638 111

Zhang /Ry, 2 3 3 199 719 115

R/RAR,) | 083 | 097 | 098 | 098 | 099 | 0098
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Vst for evergreen needleleaf forest in summer
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Figure 4-31. Diurnal trend for stomata emission velocity in the two models for evergreen
needleleaf forest in summer.

V4 in each of the two models is mainly controlled by 1/Rg because Ry/(R,+Rp) is
close to one (Fig 4-32). 1/Ry is close to Vg in each model (Table 4-16). In Ry, the
constant value for stomata closure and fp below 0.1 cause large difference in large values
of Ry between the two models (section 4.1.3). However these two parameters cause little
difference in Vg between the two models because large Ry corresponds to small V. For
high values, Vi in Wang’s model is larger than that in Wright & Zhang’s model (Fig. 4-
33). This is because larger visible solar radiation and smaller ratio of DV to DI lead to
smaller R, larger 1/R;, and larger Vi in Wang’s model. Overall, V for Wang’s model is
larger than that for Wright & Zhang’s model (mean, 293um/s>199um/s) due to larger

visible solar radiation and smaller ratio of DV to DI in Wang’s model.
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(a) Rt/(Ra+Rb) in Wang for evergreen needleleaf forest in summer (b) Rt/(Ra+Rb) in Wright for evergreen needleleaf forest in summer
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Figure 4-32. Distribution of Ry/(R,+Rp) in the two models for evergreen needleleaf forest
in summer, (a) in Wang’s model, (a) in Wright & Zhang’s model.

Time Series Plot of Vst for evergreen needleleaf forest in summer
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Figure 4-33. Time series for Vg in the two models for evergreen needleleaf forest in
summetr.

b) The difference between the two models and why

As seen in Table 4-17, the difference in Vg between the two models is in the range

of -199% to 197% and mean of absolute difference is 98%. Larger visible solar radiation
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and smaller ratio of DV to DI lead to smaller Ry, larger 1/Ry, and larger V in Wang’s
model. Larger constant value for stomata closure and f, below 0.1 result in larger Ry,

smaller 1/Rg, and smaller Vi in Wang’s model.

Table 4-17. Difference (%) in stomata emission velocity for the two models in the two

s€asons.

Mean of
Season Land cover | Minimum Flrs.t Median Thlr.d Maximum z}bsolute
quartile quartile difference
(%)
evergreen
needleleaf -199 -144 -11 34 197 98
summer fqrest
deciduous
broadleaf -199 -144 -143 23 196 104
forest
evergreen
needleleaf -151 -144 -144 41 195 108
winter f(.JIGSt
deciduous
broadleaf -153 -144 -143 42 194 113
forest

Deciduous broadleaf forest in summer

Table 4-16 shows that V in Wang’s model is larger than that in Wright & Zhang’s
model (mean, 401um/s>335um/s) and the reason is similar to that for evergreen
needleleaf forest in summer. Vg is mainly controlled by 1/Ry. In Ry, only LAI and f}, are
related with land cover. Larger LAI for deciduous broadleaf forest (Table D1) results in
more visible solar radiation received by leaves, smaller Ry, and larger Vg for both
models. In fp, larger bypq for deciduous broadleaf forest leads to smaller fp and more fp
below 0.1 in Wang’s model (section 4.1.3). More fp below 0.1 results in larger Ry and
smaller Vi in Wang’s model. Thus, the negative values of difference between the two

models are smaller (Table 4-17). However, the mean of absolute difference between the
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two models is still similar to that for evergreen needleleaf forest in summer (Table 4-17,

98% vs. 104%).

Evergreen needleleaf forest in winter

Table 4-16 shows that V in Wang’s model is larger than that in Wright & Zhang’s
model (mean, 237um/s>143um/s) and the reason is similar to that for evergreen
needleleaf forest in summer. Vg is mainly controlled by 1/Rg. In Ry, solar radiation,
LAI, and fp are related with season. Smaller solar radiation in winter (Table D1) leads to
larger Ry and smaller Vg in both models. Smaller LAI in winter (Table D1) also causes
larger Ry and smaller Vg in both models. fp above 0.1 in winter results in smaller Ry and
larger Vi in Wang’s model. The negative values of difference between the two models
are smaller than that for evergreen needleleaf forest in summer (Table 4-17). This is
because longer nighttime in winter causes more constant values of Ry for stomata
closure, larger Ry, and smaller Vg in Wang’s model. The mean of absolute difference

between the two models is larger than that for evergreen needleleaf forest in summer

(Table 4-17, 98% vs. 108%).

Deciduous broadleaf forest in winter

As shown in Table 4-16, V in Wang’s model is larger than that in Wright & Zhang’s
model (mean, 187pum/s>111um/s) and the reason is similar to that for evergreen
needleleaf forest in summer. In Ry, only LAI and f, are related with land cover. Smaller

LAI for deciduous broadleaf forest (Table D1) causes fewer visible solar radiation
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received by leaves, larger Ry, and smaller Vg in both models. fp is always above 0.1 in
Wang’s model in winter, which is the same as that for evergreen needleleaf forest in
winter. As in Table 4-17, the difference between the two models is similar to that for

evergreen needleleaf forest in winter (108% vs. 113%).

Summary

Regardless of season and land cover, Vi in Wang’s model is larger than that in
Wright & Zhang’s model (mean, 280um/s >198um/s). The difference in V between the
two models is mainly caused by the visible solar radiation, the range of fp, and water

vapor diffusivity and GEM diffusivity.

For the same land cover and different seasons, greater difference between the two
models is in winter (98% vs. 108% for evergreen needleleaf forest, 104% vs. 113% for
deciduous broadleaf forest) because longer nighttime in winter causes more constant
value of Ry for stomata closure, larger Ry, and smaller Vi in Wang’s model. As in Table
4-18, season is significant in the difference between the two models (p=0.001). For
different land cover and the same season, the difference between the two models is
similar (98% vs. 104% in summer, 108% vs. 113% in winter). However, Table 4-18

shows that land cover is significant in the difference between the two models (p=0.001).

Table 4-18. Analysis of variance (ANOVA) of the difference in stomata emission velocity
between the two models.

Parameter p-value
season 0.001
land cover 0.001
season*land cover 0.002
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4.2.2 Soil emission velocity (V,)

The parameterization of V, is the same in the two models (Table C2).

Evergreen needleleaf forest in summer
a) Vg in the two models

Table 4-19 shows V, in the two models. V, in the two models has similar diurnal
trend with high values during daytime and low values during nighttime (Fig. 4-34 and
Table El). V, is calculated from all six resistances, (1) R, is larger in Wang’s model
(section 4.1.1), (2) Ry is smaller in Wang’s model (section 4.1.2), (3) Ry is larger in
Wang’s model (section 4.1.3), (4) Rey is the same in the two models (section 4.1.4), (5)
R, 1s the same in the two models (section 4.1.5), and (6) R, is larger in Wang’s model

(section 4.1.6).
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Table 4-19. Soil emission velocity (V,, pm/s), 1/(RactRg) (um/s), and R¢/(R,+Ry) for the
two models in the two seasons.

Vo, /(R R .. First . Third .
Season | Land cover | Model ) ), or : rl\r/lllll?Ill quartil Midla quartil Mzirim Mean
R/(R,+Ry) e e
V, 0 105 166 293 445 188
Wang | 1/(R,+R,) 0 109 172 301 449 194
evergreen R/(R,+Ry) 0.32 | 0.96 0.97 0.98 0.99 0.96
rffree‘ilfleaf Wright | V, 0 122 | 244 | 317 | 445 | 219
& 1/(RytR,) 0 127 252 325 449 225
summer Zhang | R/(R,+Ry) 0.76 | 0.96 0.97 0.98 0.99 0.97
V, 0 55 118 185 384 124
deciduous | WVang | V(RtR,) 0 58 123 189 388 128
broadleaf R/(R,+Ry) 0.2 0.96 0.98 0.99 1 0.97
forest Wright | V, 0 124 249 322 446 223
& 1/(R,+R,) 0 131 258 331 451 229
Zhang | R/(R,+Ry) 0.7 0.96 0.97 0.98 0.99 0.97
V, 0 173 281 401 478 271
Wang | U(R+Ry) 0 177 286 408 483 274
Ezz(riigf R/(R,'Ry) 0.83 | 0.97 0.98 0.99 1 0.98
forest Wright | V, 0 226 355 419 477 310
& 1/(R,+R,) 0 229 363 427 483 316
winter Zhang | R/(R,+Ry) 079 | 0.97 0.98 0.99 1 0.98
V, 0 115 177 285 442 192
deciduous | WVang | V(RtR,) 0 118 180 290 446 196
broadleaf R/(R,Ry) 079 | 0.97 0.99 0.99 1 0.98
forest Wright | V, 0 237 371 429 481 322
& 1/(R,+R,) 0 242 381 438 486 329
Zhang | R/(R,+Ry) 083 | 0.97 0.98 0.98 0.99 0.98
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Vg for evergreen needleleaf forest in summer

300

. .I'l‘ —e— Wang

! l ..... - Wright
Ve ’.\

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
hour

Figure 4-34. Diurnal trend for V, in the two models for evergreen needleleaf forest in
summer.

V, in each of the two models is mainly controlled by 1/(R.+R;) because Ri/(R,+Ryp)
is close to one (Fig 4-32). 1/(R.+R,) is close to V, in each model (Table 4-19). Most of
V, in Wang’s model is smaller than that in Wright & Zhang’s model (Fig. 4-35). This is
because Ry is the same in the two models and wet soil results in larger Ry, smaller
1/(RactRy), and smaller V, in Wang’s model. Overall, V, in Wang’s model is smaller

than that in Wright & Zhang’s model (mean, 188um/s<219um/s) due to wet soil.
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Time Series Plot of Vg for evergreen needleleaf forest in summer
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Figure 4-35. Time series for V, in the two models for evergreen needleleaf forest in
summer.

b) The difference between the two models and why

As seen in Table 4-20, the difference in V, between the two models is in the range of
-102% to 12% and mean of absolute difference is 16%. V, is mainly controlled by
1/(RactRy). Rye 1s the same in the two models. Wet soil results in larger R,, smaller
1/(RactRy), and smaller V, in Wang’s model. Larger V, in Wang’s model is caused by

larger R/(R,+Ry).
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Table 4-20. Difference (%) in soil emission

velocity for the two models in the two

seasons.
Mean of
Seasons Land cover | Minimum Flrs.t Median Thlr.d Maximum E}bsolute
quartile quartile difference
(%)
evergreen
needleleaf -102 -27 -1 -0.01 12 16
summer forest
deciduous
broadleaf -171 -87 -72 -47 -15 67
forest
evergreen
needleleaf -84 -39 -1 0.1 61 24
winter forest
deciduous
broadleaf -134 -94 -62 -32 43 64
forest

Deciduous broadleaf forest in summer

V, is mainly controlled by 1/(R,-+Rg). Ry is not related with land cover. For
deciduous broadleaf forest, larger Raco results in larger R,., smaller 1/(R.tR,), and
smaller V, in Wang’s model. V, in Wang’s model is much smaller, thus it is expected
that the difference between the two models is greater for deciduous broadleaf forest in
summer. Table 4-19 shows that V, in Wang’s model is smaller than that in Wright &
Zhang’s model (mean, 124um/s<223um/s). As in Table 4-20, the difference between the
two models is larger than that for evergreen needleleaf forest in summer (16% vs. 67%),

as expected.

Evergreen needleleaf forest in winter

As shown in Table 4-19, V, in Wang’s model is smaller than that in Wright &

Zhang’s model (mean, 271pum/s<310um/s) because wet soil results in larger R,, smaller

94




1/(RactRy), and smaller V, in Wang’s model. V, is mainly controlled by 1/(Rac+Rg). Rac
is the same in the two models. In R, soil volumetric water content and surface
temperature are related with season. Soil volumetric water content is similar in the two
seasons (Table D1). Surface temperature is much lower in winter (Table D1). Surface
temperature below -1°C causes smaller R,, larger 1/(RactRg), and larger V, in Wang’s
model. However, as seen in Table 4-20, the difference between the two models is similar

to that for evergreen needleleaf forest in summer (16% vs. 24%).

Deciduous broadleaf forest in winter

V, is mainly controlled by 1/(RactR,). R, is not related with land cover. In Ry, LAI
is related with season. Smaller LAI in winter (Table D1) results in larger R,¢, smaller
1/(RactRy), and smaller V, in Wang’s model. V, in Wang’s model is much smaller, thus
it is expected that the difference between the two models is greater for evergreen
needleleaf forest in winter. As seen in Table 4-19, V, in Wang’s model is smaller than
that in Wright & Zhang’s model (mean, 192um/s<322um/s), because larger R, and wet
soil lead to smaller 1/(R,.+R;) and smaller V, in Wang’s model. As in Table 4-20, the
difference between the two models is larger than that for evergreen needleleaf forest in
winter (24% vs. 64%), as expected. However, the difference is similar to that for

deciduous broadleaf forest in summer (67% vs. 64%).

Summary

Regardless of season and land cover, Vg in Wang’s model is smaller than that in
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Wright & Zhang’s model (mean, 193pm/s<268um/s). The difference in V, between the
two models is mainly due to wet soil, surface temperature below -IOC, and R,.. For the
same land cover and different seasons, the difference between the two models is similar
(16% vs. 24% for evergreen needleleaf forest, 67% vs. 64% for deciduous broadleaf
forest) and the reason is different. For evergreen needleleaf forest, it is because R, is the
same in the two models and surface temperature below -1°C in winter causes little effect
on the difference between the two models. For deciduous broadleaf forest, this is
because R, and surface temperature below -1°C have little effect on the difference
between the two models. However, season is significant in the difference between the

two model (p=0.001), as in Table 4-21.

Table 4-21. Analysis of variance (ANOVA) of the difference in soil emission velocity
between the two models.

Parameter p-value
season 0.001
land cover 0.001
season*land cover 0.001

For different land cover and the same season, greater difference between the two
models is for deciduous broadleaf forest (16% vs. 67% in summer, 24% vs. 64% in
winter). R, is not related with land cover. For deciduous broadleaf forest, larger Raco
results in smaller V, in Wang’s model. Table 4-21 shows that land cover is significant in

the difference between the two models (p=0.001).
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4.2.3 Deposition velocity (V)

The parameterization of V4 is the same in the two models (Table C2).

Evergreen needleleaf forest in summer
a) V4 in the two models

Table 4-22 shows V4 in the two models. Negative sign represents that deposition
velocity is downward. V4 in the two models has similar diurnal trend with high values
during daytime and low values during nighttime (Fig. 4-36 and Table El). Vy is
calculated from all six resistances, (1) R, is larger in Wang’s model (section 4.1.1), (2)
Ry, is smaller in Wang’s model (section 4.1.2), (3) Ry is larger in Wang’s model (section
4.1.3), (4) Reyt 1s the same in the two models (section 4.1.4), (5) R, is the same in the

two models (section 4.1.5), and (6) R, is larger in Wang’s model (section 4.1.6).

Table 4-22. Deposition velocity (Vg4, pm/s) for the two models in the two seasons.

Season Land Model Minimum FII'S.'[ Median Thlr.d Maximum | Mean
cover quartile quartile
evergreen | Wang -2491 -995 -519 -284 -1 -640
needleleaf
forest Wright & Zhang -1809 -832 -526 -295 -4 -576
summer
deciduous | Wang -2309 -1178 -331 -159 -1 -613
broadleaf
forest Wright & Zhang -1801 -1034 -566 -278 -4 -646
evergreen | Wang -1744 -945 -519 -335 -1 -617
needleleaf
forest Wright & Zhang -1511 =795 -543 -316 -4 -562
winter
deciduous | Wang 1463 -639 -319 -187 -1 -424
broadleaf
forest Wright & Zhang -1184 -638 -464 -284 -3 -478
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Vd for evergreen needleleaf forest in summer
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Figure 4-36. Diurnal trend for deposition velocity in the two models for evergreen
needleleaf forest in summer.

For high values of V4 (>900um/s), 91% of V4 (784 out of 859) is larger in Wang’s
model (Fig. 4-37). 99.7% of these larger V4 (782 out of 784) in Wang’s model happens
during daytime. This is because smaller R, and smaller Ry lead to larger V4 in Wang’s
model. The low values of V4 in the two models are similar (Fig. 4-37). Overall, V4 in

Wang’s model is larger than that in Wright & Zhang’s model (mean, 640pum/s>576um/s).
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Time Series Plot of Vd for evergreen needleleaf forest in summer
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Figure 4-37. Time series for deposition velocity in the two models for evergreen
needleleaf forest in summer.

b) The difference between the two models and why

As seen in Table 4-23, the difference in V4 between the two models is in the range of
-116% to 168% and mean of absolute difference is 15%. The difference between the two
models is dependent on joint effect of Ry, Ry, Ry, and R, because R,. and Ry are the
same in the two models. Larger R, and R, lead to smaller V4 in Wang’s model. Smaller
Ry and Ry result in larger V4 in Wang’s model. Wu et al. (2018b) found that the

difference in R, and Ry among dry deposition models caused little effect on modeled

deposition velocity.
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Table 4-23. Difference (%) in deposition velocity for the two models in the two seasons.

Mean of
Season Land cover Minimum First Median Thlr.d Maximum gbsolute
quartile quartile difference
(%)
evergreen
needleleaf forest -116 -6 -0.5 17 168 15
summer deciduous
broadleaf forest -161 -45 -29 7 175 37
evergreen
. needleleaf forest -137 -6 -0.3 21 82 20
winter deciduous
broadleaf forest | 170 -69 28 5 71 40

Deciduous broadleaf forest in summer

As in Table 4-22, V4 in Wang’s model is smaller than that in Wright & Zhang’s

model (mean, 613pum/s<646pm/s) because larger R,, Rqc, and R, leads to smaller V4 in

Wang’s. As shown in Table 4-23, the difference between the two models is larger than

that for evergreen needleleaf forest in summer (15% vs. 37%). This is because smaller

ratio of air diffusivity to GEM diffusivity leads to smaller Ry, and larger V4 in Wang’s

model.

Evergreen needleleaf forest in winter

As seen in Table 4-22, V4 in Wang’s model is larger than that in Wright & Zhang’s

model (mean, 617um/s>562um/s) and the reason is similar to that for evergreen

needleleaf forest in summer. As in Table 4-23, the difference between the two models is

also similar to that for evergreen needleleaf forest in summer (15% vs. 20%).

Deciduous broadleaf forest in winter
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As in Table 4-22, V4 in Wang’s model is smaller than that in Wright & Zhang’s
model (mean, 613um/s<646um/s) the reason is similar to that for evergreen needleleaf
forest in winter. As in Table 4-23, the difference between the two models is larger than
that for evergreen needleleaf forest in winter (20% vs. 40%). This is because smaller
ratio of air diffusivity to GEM diffusivity leads to smaller Ry, and larger V4 in Wang’s
model. However, the difference between the two models is similar to that for deciduous

broadleaf forest in summer (37% vs. 40%).

Summary

Regardless of season, for evergreen needleleaf forest, V4 in Wang’s model is larger
than that in Wright & Zhang’s model (mean, 629um/s>569um/s) due to smaller Ry, and
smaller Ry in Wang’s. For deciduous broadleaf forest, V4 in Wang’s model is smaller
than that in Wright & Zhang’s model (mean, 520pum/s<563um/s) as a result of larger R,,
Rac, and Ry in Wang’s. The difference in V4 between the two models is mainly owing to

air diffusivity and GEM diffusivity.

For the same land cover and different seasons, the difference between the two
models is similar (15% vs. 20% for evergreen needleleaf forest, 37% vs. 40% for
deciduous broadleaf forest). However, as in Table 4-24, season is significant in the
difference between the two models (p=0.001). For different land cover and the same
season, greater difference between the two models is for deciduous broadleaf forest
(15% vs. 37% in summer, 20% vs. 40% in winter). This is because smaller ratio of air
diffusivity to GEM diffusivity leads to smaller Ry, and larger V4 in Wang’s model. Land

cover is significant in the difference between the two models (p=0.001), as in Table 4-
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24.

Table 4-24. Analysis of variance (ANOVA) of the difference in deposition velocity
between the two models.

Parameter p-value
season 0.001
land cover 0.001
season*land cover 0.001

4.3 GEM compensation point concentrations

4.3.1 Compensation point concentration in stomata ()

The parameterization of y is different in the two models (Table C3). Wang assumed
that deposited GEM in stomata is the difference between dry deposited total gaseous
mercury (TGM) on leaves and dry deposited gaseous oxidized mercury (GOM) on
cuticle. Deposited GEM in stomata is emitted back to the atmosphere or fixed in
stomata, and the fraction of emitted GEM is dependent on LAIL y in Wright & Zhang’s
model is assumed as the concentration at which there is equilibrium between the
different phases (Wright and Zhang, 2015). It is derived from the Clausius-Clapeyron
equation and is only related with ambient temperature. Mercury pool in stomata is

infinite in both models.

Evergreen needleleaf forest in summer
a) (st in the two models

Table 4-25 shows ys in the two models. The diurnal trend of ¥y in the two models is

different (Fig. 4-38 and Table E1). In Wang’s model, low values happen during daytime
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due to high values of GOM concentration on cuticle (Fig. 4-39). Wang assumed that dry
deposited TGM on leaves is a constant of 2566 ng m™, as a summation of GOM
concentration on cuticle and GEM concentration in stomata. Larger GOM concentration
on cuticle leads to smaller GEM concentration in stomata. In Wright & Zhang’s model,
high values occur during daytime owing to relatively high ambient temperature (Fig. 4-
40). x« in Wang’s model is always smaller than that in Wright & Zhang’s (Fig. 4-41). van
Hove et al. (2002) found that the diurnal trend of ammonia compensation point
concentration in stomata has high values during 8:00-16:00. Ammonia is a substance
that tends to emit back to the atmosphere, like GEM. It is expected that GEM also has a
tendency to emit to air and has a high compensation point concentration in stomata

during daytime.

Table 4-25. Compensation point concentration in stomata (ys, ng m™) for the two models
in the two seasons.

Season Land Model Minimum Flrs.t Median Thlr.d Maximum | Mean
cover quartile quartile
evergreen | Wang 0.02 0.02 0.06 0.06 0.06 0.04
needleleaf
forest Wright & Zhang 0.04 1.5 1.8 2.5 4.6 2
summer
deciduous | Wang 0.02 0.02 0.06 0.06 0.06 0.04
broadleaf
forest Wright & Zhang 0.03 1.2 1.5 2 3.7 1.6
evergreen | Wang 0.02 0.05 0.07 0.07 0.07 0.06
needleleaf
forest Wright & Zhang 0.04 0.13 0.23 0.45 1.7 0.34
winter
deciduous | Wang 0.04 0.06 0.07 0.07 0.07 0.06
broadleaf
forest Wright & Zhang 0.03 0.1 0.18 0.36 1.3 0.27
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Xst for evergreen needleleaf forest in summer
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Figure 4-38. Diurnal trend for GEM compensation point concentration in stomata in the
two models for evergreen needleleaf forest in summer.
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Figure 4-39. Diurnal trend for GOM concentration on cuticle in Wang’s model for
evergreen needleleaf forest in summer.
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ambient temperature in summer
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Figure 4-40. Diurnal trend for ambient temperature in summer.
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Figure 4-41. Time series for GEM compensation point concentration in stomata in the
two models for evergreen needleleaf forest in summer.
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b) The difference between the two models and why

As shown in Table 4-26, the difference between the two models ranges from -198%
to -152% and mean of absolute difference is 189%. Wright & Zhang considered that
is dependent on ambient temperature. In Wang’s model, yy is dependent on GOM
concentration on cuticle and GOM concentration on cuticle is related with solar radiation

and LAL

Table 4-26. Difference (%) in GEM compensation point concentration in stomata for the
two models in the two seasons.

Mean of
Season Land cover Minimum FlI‘S.t Median Thlr.d Maximum gbsolute
quartile quartile difference
(%)
evergreen
needleleaf forest -198 -196 -189 -185 -152 189
summer deciduous
broadleaf forest -198 -195 -187 -181 -142 187
evergreen
. needleleaf forest -195 -155 -117 -70 53 110
winter deciduous
broadleaf forest | 10 -141 -96 -43 78 93
¢) Which model is better

Wright & Zhang’s model is more appropriate for GEM compensation point
concentration in stomata (Table E4). This is because the diurnal trend of y in Wright &
Zhang’s is reasonable. When solar radiation is strong during daytime, more GOM is
chemically reduced to GEM. GEM in stomata also trends to emit from stomata to the air
under high ambient temperature. Thus, the y is expected to have high values during

daytime.
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Deciduous broadleaf forest in summer

In Wang’s model, only LAI is related with land cover. LAI for the two land cover in
summer is similar (Table D2). In Wright & Zhang’s model, only emission potential of
stomata (I'y, Table C3) is dependent on land cover. I'y for evergreen needleleaf forest
(10) and deciduous broadleaf forest (8) are similar. Thus, it is expected that the
difference between the two models is similar for the two land cover in summer. As
shown in Table 4-25, y« in Wang’s model is smaller than that in Wright & Zhang’s
(mean, 0.04 ng m><1.6 ng m™). As seen in Table 4-26, the difference is similar to that

for evergreen needleleaf forest in summer (189% vs. 187%), as expected.

Evergreen needleleaf forest in winter

In Wang’s model, LAI and solar radiation is related with season. Smaller LAI and
solar radiation in winter (Table D2) lead to smaller GOM concentration on cuticle, larger
GEM concentration stored in stomata, and larger yy. In Wright & Zhang’s model, lower
ambient temperature in winter (Table D2) causes smaller y. Thus, it is expected that the
difference between the two models is smaller for evergreen needleleaf forest in winter.
As in Table 4-25, y in Wang’s model is smaller than that in Wright & Zhang’s model
(mean, 0.06 ng m><0.34 ng m™). The difference between the two models is smaller than
that for evergreen needleleaf forest in summer (Table 4-26, 189% vs. 110%), as

expected.

Deciduous broadleaf forest in winter
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In Wang’s model, only LAI is related with land cover. LAI in winter is smaller for
deciduous broadleaf forest (Table D2). Smaller LAI leads to smaller GOM concentration
on cuticle, larger GEM concentration stored in stomata, and larger xs. In Wright &
Zhang’s model, I'y for evergreen needleleaf forest (10) and deciduous broadleaf forest
(8) are similar. Thus, it is expected that the difference between the two models is smaller
for deciduous broadleaf forest in winter. As shown in Table 4-25, ¥ in Wang’s model is
smaller than that in Wright & Zhang’s (mean, 0.06 ng m~<0.27 ng m™). The difference
between the two models is smaller than that for evergreen needleleaf forest in winter

(Table 4-26, 110% vs. 93%), as expected.

Summary

Regardless of season and land cover, i in Wang’s model is smaller than that in
Wright & Zhang’s model (mean, 0.05 ng m~<1.1 ng m™). For the same land cover and
different seasons, greater difference between the two models is in summer (189% vs.
110% for evergreen needleleaf forest, 187% vs. 93% for deciduous broadleaf forest).
This is because large LAI and solar radiation lead to small yy in Wang’s model, and high
ambient temperature results in large x in Wright & Zhang’s model. Table 4-27 shows

that season is significant in the difference between the two models (p=0.001).

Table 4-27. Analysis of variance (ANOVA) of the difference in GEM compensation point
concentration in stomata between the two models.

Parameter p-value
Season 0.001
Land cover 0.001
Season*land cover 0.001
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For different land cover in summer, the difference between the two models is similar
(189% vs. 187%) owing to similar LAI and I'st for the two land cover. For different land
cover in winter, greater difference between the two models is for evergreen needleleaf
forest (110% vs. 93%) because larger LAI leads to larger GOM concentration on cuticle,
smaller GEM concentration stored in stomata, and smaller yst in Wang’s model. As seen
in Table 4-27, land cover is significant in the difference between the two models

(p=0.001).

4.3.2 Soil compensation point concentration (yo)

The parameterization of y, is different in the two models (Table C3). Wang assumed
that GOM stored in soil is chemically reduced to be GEM. The GOM concentration in
soil and GOM chemically reduction rate were assumed to be 90ng/g and 8*10™"" s,
respectively. In Wright & Zhang’s model, y, is similar to ¥y (section 4.3.1). It is also
derived from the Clausius-Clapeyron equation and is only related with surface air
temperature. Wright assumed that y, will be zero when snow covers the soil. Both y, in

Wang’s model and Wright & Zhang’s model is not related with land cover. Mercury pool

in soil is infinite in both models.

Evergreen needleleaf forest in summer
a) Xg in the two models

Table 4-28 shows y, in the two models. The diurnal trend of y, in the two models is

similar with high values during daytime and low values during nighttime (Fig. 4-42 and
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Table E1). . in Wang’s model is always larger than that in Wright & Zhang’s (Fig. 4-

43).

Table 4-28. Compensation point concentration in soil (g, ng m™) for the two models in
the two seasons.

Season Land Model Minimum Flrs.t Median Thlr.d Maximum | Mean
cover quartile quartile
evergreen | Wang 4.2 6 6.5 7.2 8.7 6.6
needleleaf
forest Wright & Zhang 0.4 1.4 1.8 2.6 4.7 2
summer
deciduous | Wang 4.2 6 6.5 7.2 8.7 6.6
broadleaf
forest Wright & Zhang 0.4 1.4 1.8 2.6 4.7 2
evergreen | Wang 2.1 2.9 3.5 43 6.4 3.7
needleleaf
forest Wright & Zhang 0 0.1 0.2 0.4 1.7 0.3
winter
deciduous | Wang 2.1 2.9 3.5 4.3 6.4 3.7
broadleaf
forest Wright & Zhang 0 0.1 0.2 0.4 1.7 0.3
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Figure 4-42. Diurnal trend for GEM compensation point concentration in soil in the two
models for evergreen needleleaf forest in summer.

Time Series Plot of Xg for evergreen needleleaf forest in summer
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Figure 4-43. Time series for GEM compensation point concentration in soil in the two
models for evergreen needleleaf forest in summer.
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b) The difference between the two models and why

As shown in Table 4-29, the difference between the two models ranges from 58% to
165% (mean of 110). Wright & Zhang assumed that y, is dependent on surface air
temperature. In Wang’s model, GEM in soil is chemically reduced from GOM. Wang
assumed that GOM content in soil is a constant of 90 ng/g and chemically reduction rate
of GOM is also a constant of 8*10™"" s, y, is calculated with Henry’s law constant
between soil and air, thus y, is related with ambient temperature. The mercury in soil is

infinite in both models.

Table 4-29. Difference (%) in GEM compensation point concentration in soil for the two
models in the two seasons.

Season Land cover Minimum F1rs.t Median Thqu Maximum Mean
quartile quartile
evergreen
needleleaf forest 58 95 113 124 165 110
summer deciduous
broadleaf forest 58 95 113 124 165 110
evergreen
. needleleaf forest 115 162 177 186 200 174
winter deciduous
broadleaf forest 115 162 177 186 200 174
¢) Which model is better

Wang’s model is more appropriate for representation of GEM compensation point

concentration in soil (Table E4). In Wang’s model, GEM in soil is reduced from GOM

and y, 1s related with organic carbon content in soil and Henry’s law constant.

Deciduous broadleaf forest in summer

Both . in the two models are not related with land cover. Thus the difference
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between the two models is the same as that for evergreen needleleaf forest in summer

(Table 4-29, 110% vs. 110%).

Evergreen needleleaf forest in winter

As in Table 4-28, y, in Wang’s model is larger than that in Wright & Zhang’s (mean,
3.7 ng m>>0.3 ng m>). In Wang’s model, lower ambient temperature in winter (Table
D2) results in fewer GEM emitting into air and smaller x,. In Wright & Zhang’s model,
lower surface air temperature in winter (Table D2) leads to fewer GEM in soil and
smaller y,. However, the difference between the two models is greater than that for

evergreen needleleaf forest in summer (Table 4-29, 110% vs. 174%).

Deciduous broadleaf forest in winter

Both y, in the two models are not related with land cover. Thus the difference
between the two models is the same as that for evergreen needleleaf forest in winter

(Table 4-29, 174% vs. 174%).

Summary

Regardless of season and land cover, y, in Wang’s model is larger than that in
Wright & Zhang’s model (mean, 5.2 ng m~>1.2 ng m™). For different land cover and the
same season, the difference between the two models is the same (110% vs. 110% in
summer, 174% vs. 174% in winter) because g in both models is not related with season.

Table 4-30 shows that land cover is insignificant in the difference between the two
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models (p=0.99). For the same land cover and different seasons, greater difference
between the two models is in winter (110% vs. 174% for evergreen needleleaf forest,
110% vs. 174% for deciduous broadleaf forest). In Wright & Zhang’s model, lower
surface air temperature leads to smaller y,. In Wang’s model, lower ambient temperature
results in smaller y,. As in Table 4-30, season is significant in the difference between the

two models (p=0.001).

Table 4-30. Analysis of variance (ANOVA) of the difference in GEM compensation point
concentration in soil between the two models.

Parameter p-value
season 0.001
land cover 0.99
season*land cover 0.99

4.4 GEM emission and deposition fluxes

4.4.1 Stomata emission flux (Fy)

In both models, Fy is a product of V; and .

Evergreen needleleaf forest in summer
a) Fy in the two models

Table 4-31 shows F; in the two models. F; in the two models has a similar diurnal
cycle with high values during daytime and low values during nighttime (Fig. 4-44 and
Table E1). But Fy for Wang’s model has a peak at 18:00 due to more visible solar
radiation, smaller Ry, and large Vg in Wang’s (Fig. 4-31). V in Wang’s model is larger

than that in Wright’s model (mean, 293um/s>199um/s). x5 in Wang’s model is smaller
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than that in Wright’s model (mean, 0.04 ng m~<2 ng m™). Overall, Fy, in Wang’s model

is smaller than that in Wright & Zhang’s model (Fig. 4-45), reflecting that F; in the two

models is mainly controlled by ys.

Table 4-31. Stomata emission flux (Fy, pg m™ s) for the two models in the two seasons.

Season Land Model Minimum Flrs't Median Thqu Maximum | Mean
cover quartile quartile
evergreen | Wang 0 0 0 0.02 0.08 0.01
needleleaf
forest Wright & Zhang 0 0.01 0.18 0.85 1.71 0.41
summer
deciduous | Wang 0 0 0 0.02 0.09 0.01
broadleaf
forest Wright & Zhang 0 0 0.28 1.12 2.19 0.59
evergreen | Wang 0 0 0 0.02 0.05 0.01
needleleaf
forest Wright & Zhang 0 0 0 0.06 0.86 0.06
winter
deciduous | Wang 0 0 0 0.02 0.06 0.01
broadleaf
forest Wright & Zhang 0 0 0 0.03 0.68 0.05
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Figure 4-44. Diurnal trend for stomata emission flux in the two models for evergreen

needleleaf forest in summer.
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Figure 4-45. Time series for stomata emission flux in the two models for evergreen

needleleaf forest in summer.
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b) The difference between the two models and why

As in Table 4-32, the difference between the two models ranges from -200% to 65%
and mean of absolute difference is 190%. Vy in Wang’s model is larger than that in
Wright & Zhang’s model (section 4.2.1). ¥ in Wang’s model is smaller than that in
Wright’s model (section 4.3.1). The difference in Fy is dominant by different
parameterizations of ys. For xy, Wang assumed that dry deposited GEM in stomata is the
difference between dry deposited TGM on leaves and dry deposited GOM on cuticle.
Dry deposited GEM in stomata is emitted back to the atmosphere or fixed in stomata,
and the fraction of emitted GEM is dependent on LAL y5 in Wright & Zhang’s model is
assumed as the concentration at which there is equilibrium between the different phases
(Wright and Zhang, 2015). It is derived from the Clausius-Clapeyron equation and is

only related with ambient temperature.

Table 4-32. Difference (%) in stomata emission flux for the two models in the two
seasons.

Mean of
Season Land cover Minimum F1rs.t Median Thlr.d Maximum gbsolute
quartile quartile difference
(%)
evergreen
needleleaf forest -200 -198 -196 -193 65 190
summer deciduous
broadleaf forest -200 -197 -196 -192 125 190
evergreen
. needleleaf forest -197 -184 -166 -128 145 148
winter deciduous
broadleaf forest -196 -177 -159 -123 147 142

Deciduous broadleaf forest in summer

As seen in Table 4-31, F; in Wang’s model is smaller than that in Wright & Zhang’s
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2 2

model (mean, 0.01 pg m? s'<0.59 pg m? s™), and the reason is similar to that for
evergreen needleleaf forest in summer. The difference between the two models is also

similar to that for evergreen needleleaf forest in summer (Table 4-32, 190% vs. 190%).

Evergreen needleleaf forest in winter

As in Table 4-31, Fy in Wang’s model is smaller than that in Wright & Zhang’s

2 2

model (mean, 0.01 pg m? s'<0.06 pg m? s™), and the reason is similar to that for
evergreen needleleaf forest in summer. Smaller solar radiation in winter (Table D1) leads
to larger Ry and smaller V in both models. Smaller LAI and solar radiation in winter
(Table D2) result in smaller GOM concentration on cuticle, larger GEM concentration
stored in stomata, and larger yy in Wang’s model. Lower surface air temperature in
winter (Table D2) causes smaller y in Wright & Zhang’s model. The difference in Fg; is
dominant by . Larger xs in Wang’s model and smaller yy in Wright & Zhang’s model

lead to smaller difference in F between the two models (Table 4-32, 190% vs. 148%).

Deciduous broadleaf forest in winter

Table 4-31 shows that Fg; in Wang’s model is smaller than that in Wright & Zhang’s

2 2

model (mean, 0.01 pg m? s'<0.05 pg m? s™), and the reason is similar to that for
evergreen needleleaf forest in winter. The difference between the two models is also

similar to that for evergreen needleleaf forest in winter (Table 4-32, 148% vs. 142%).

Summary
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Regardless of season and land cover, Fy in Wang’s model is smaller than that in
Wright & Zhang’s model (mean, 0.01 pg m™ s7'<0.29 pg m™ s™). The difference between
the two models is mainly controlled by ys. For different land cover and the same season,
the difference between the two models is similar (190% vs. 190% in summer, 148% vs.
142% in winter). This is because, regardless of season, ys in each model is similar
between the two land cover. In summer, larger LAI for deciduous broadleaf forest results
in smaller Ry and larger V in both models. In winters, smaller LAI for deciduous
broadleaf forest causes smaller V in both models. Table 4-33 shows that land cover is

significant in the difference between the two models (p=0.001).

Table 4-33. Analysis of variance (ANOVA) of the difference in stomata emission flux
between the two models.

Parameter p-value
Season 0.001
Land cover 0.001
Season*land cover 0.097

For the same land cover and different seasons, smaller difference between the two
models is in winter (190% vs. 148% for evergreen needleleaf forest, 190% vs. 142% for
deciduous broadleaf forest). This is because smaller LAI and solar radiation result in
larger xs in Wang’s model, and lower surface air temperature causes smaller s in Wright
& Zhang’s model. Smaller solar radiation and smaller LAI in winter lead to smaller Vy
in both models. As seen in Table 4-33, season is significant in the difference between the

two models (p=0.001).
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4.4.2 Soil emission flux (Fy)

In both models, F, is a product of V, and .

Evergreen needleleaf forest in summer
a) F, in the two models

Table 4-34 shows F, in the two models. F, in the two models has similar diurnal
trends with high values during daytime and low values during nighttime (Fig. 4-46 and
Table El). V, in Wang’s model is smaller than that in Wright & Zhang’s (mean,
188um/s<219um/s). 3, in Wang’s model is larger than that in Wright & Zhang’s (mean,
6.6 ng m~>2 ng m>). Overall, F, in Wang’s model is larger than that in Wright &

Zhang’s (Fig. 4-47), reflecting that F, in the two models is mainly controlled by .

Table 4-34. Soil emission flux (F, pg m™ s™) for the two models in the two seasons.

Season Land Model Minimum Flrs't Median Thqu Maximum | Mean
cover quartile quartile
evergreen | Wang 0 0.6 1.07 1.96 3.54 1.27
needleleaf
forest Wright & Zhang 0 0.19 0.42 0.7 1.66 0.47
summer
deciduous | Wang 0 0.33 0.75 1.23 3.05 0.83
broadleaf
forest Wright & Zhang 0 0.19 0.43 0.71 1.67 0.48
evergreen | Wang 0 0.56 0.95 1.47 2.95 1.04
needleleaf
forest Wright & Zhang 0 0.01 0.07 0.16 0.74 0.11
winter
deciduous | Wang 0 0.39 0.66 1.05 2.71 0.74
broadleaf
forest Wright & Zhang 0 0.01 0.07 0.17 0.74 0.12
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Figure 4-46. Diurnal trend for soil emission flux in the two models for evergreen

needleleaf forest in summer.
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Figure 4-47. Time series for soil emission flux in the two models for evergreen needleleaf

forest in summer.
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b) The difference between the two models and why

As seen in Table 4-35, the difference between the two models varies between 8%
and 161% (mean of 98%). V, in Wang’s model is smaller than that in Wright & Zhang’s
(section 4.2.2). y, in Wang’s model is larger than that in Wright & Zhang’s (section
4.3.2). Larger F, in Wang’s model is owing to larger y,. The difference in F, is dominant
by different parameterizations of y,. Wang assumed that GOM stored in soil is reduced
to be GEM and y, is only dependent on ambient temperature. In Wright & Zhang’s
model, ¥ is derived from the Clausius-Clapeyron equation and is only related with

surface air temperature.

Table 4-35. Difference (%) in soil emission flux for the two models in the two seasons.

Mean of
Season Land cover Minimum Flrs.t Median Thqu Maximum E}bsolute
quartile quartile difference
(%)
evergreen
needleleaf forest 8 80 100 117 161 98
summer deciduous
broadleaf forest -111 36 51 70 132 53
evergreen
. needleleaf forest 85 151 171 186 200 168
winter deciduous
broadleaf forest >2 132 150 175 200 152

Deciduous broadleaf forest in summer

As shown in Table 4-34, F, in Wang’s model is larger than that in Wright & Zhang’s

2 2

model (mean, 0.83 pg m™ s'>0.48 pg m” s™) and the reason is similar to that for
evergreen needleleaf forest in summer. In Fg, ¥, is not related with land cover in both

models. V, in Wang’s model is much smaller than that in Wright & Zhang’s (section
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4.2.2). This is because larger R, leads to smaller V, in Wang’s model. The difference

between the two models is smaller than that for evergreen needleleaf forest in summer

(Table 4-35, 98% vs. 53%).

Evergreen needleleaf forest in winter

As seen in Table 4-34, F, in Wang’s model is larger than that in Wright & Zhang’s
(mean, 1.04 pg m™ s'>0.11 pg m? s™) and the reason is similar to that for evergreen
needleleaf forest in summer. In Fy, V, in Wang’s model is smaller than that in Wright &
Zhang’s (section 4.2.2). Lower ambient temperature results in smaller ¥, in Wang’s
model and lower surface air temperature leads to smaller y, in Wright & Zhang’s.
However, the reduction of y, in Wright & Zhang’s is larger. y, in Wang’s model is much
larger than that in Wright & Zhang’s (section 4.3.2). The difference between the two
models is larger than that for evergreen needleleaf forest in summer (Table 4-35, 98% vs.

168%).

Deciduous broadleaf forest in winter

As shown in Table 4-34, F, in Wang’s model is larger than that in Wright & Zhang’s

2 2

model (mean, 0.74 pg m™ s'>0.12 pg m? s™') and the reason is similar to that for
evergreen needleleaf forest in summer. The difference between the two models is larger
than that for deciduous broadleaf forest in summer (Table 4-35, 53% vs. 152%), and the

reason is the same as that for evergreen needleleaf forest in winter.
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Summary

Regardless of season and land cover, F, in Wang’s model is larger than that in
Wright & Zhang’s (mean, 0.98 pg m™ s>0.31 pg m™ s™). The difference in F, between
the two models is dominant by y,. For different land cover and the same season, the
difference between the two models is smaller for deciduous broadleaf forest (98% vs.
53% in summer, 168% vs. 152% in winter), because larger R, leads to smaller V, in
Wang’s model. V, in Wang’s model is much smaller than that in Wright & Zhang’s. y, in
Wang’s is larger than that in Wright & Zhang’s, however y, is not related with land
cover. As shown in Table 4-36, land cover is significant in the difference between the

two models (p=0.001).

Table 4-36. Analysis of variance (ANOVA) of the difference in soil emission flux
between the two models.

Parameter p-value
season 0.001
land cover 0.001
season*land cover 0.001

For the same land cover and different seasons, greater difference between the two
models is in winter (98% vs. 168% for evergreen needleleaf forest, 53% vs. 152% for
deciduous broadleaf forest). This is because lower ambient temperature results in smaller
Xg iIn Wang’s model and lower surface air temperature leads to smaller y, in Wright &
Zhang’s. The reduction of y, is larger in Wright & Zhang’s. y, in Wang’s model is much
larger than that in Wright & Zhang’s. V, in Wang’s model is smaller than that in Wright

& Zhang’s. As seen in Table 4-36, season is significant in the difference between the two
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models (p=0.001).

4.4.3 Cuticle emission flux (F.)

Wright & Zhang assumed that F. to be zero and Wang considered it. As seen in

Table 4-37, F. in Wang’s model in all cases is negligible, compared with Fy (Table 4-31)

and F, (Table 4-34). In all cases, F. accounts for 0-1.6% (mean of 0.07%) of the total

emission flux.

Table 4-37. Cuticle emission flux (pg m™ s™') in Wang’s model in the two seasons.

Minimu

First

Third

Maximu

Season Land cover . Median . Mean
m quartile quartile m
evergreen needleleaf 0 0 0 0.001 0.018 0.001
summer foregt
deciduous broadleaf 0 0 0 0.001 0.009 0.001
forest
evergreen needleleaf 0 0 0 0.004 0.01 0.004
winter foregt
deciduous broadleaf 0 0 0 0001 0.003 0.001
forest
4.4.4 Deposition flux (Fy)
In both models, F4 is a product of V4 and GEM concentration in the air ()am)- Yatm 18

the same in the two models, thus F4 in the two models is controlled by V.

Evergreen needleleaf forest in summer

a) F4 in the two models

Table 4-38 shows F4 in the two models. Negative sign represents downward flux. F4

in the two models has similar diurnal trend with high values during daytime and low

125




values during nighttime (Fig. 4-48 and Table E1). V4 in Wang’s model is larger than that
in Wright & Zhang’s model (mean, 640um/s>576um/s). Yum is the same in the two

models. However, Fg is similar in the two models (Fig. 4-49).

Table 4-38. Deposition flux (Fg, pg m™ s™) for the two models in the two seasons.

Season Land Model Minimum Flrs't Median Thqu Maximum | Mean
cover quartile quartile
evergreen | Wang -3.29 -1.18 -0.62 -0.33 -0.002 -0.78
needleleaf
forest Wright & Zhang -2.91 -1.02 -0.63 -0.34 -0.005 -0.7
summer
deciduous | Wang -3.5 -1.41 -0.4 -0.19 -0.001 -0.75
broadleaf
forest Wright & Zhang -3.13 -1.25 -0.68 -0.32 -0.005 -0.79
evergreen | Wang -3.76 -1.23 -0.7 -0.46 -0.001 -0.84
needleleaf
forest Wright & Zhang -3.19 -1.07 -0.74 -0.41 -0.004 -0.77
winter
deciduous | Wang -3.23 -0.77 -0.43 -0.25 -0.007 -0.57
broadleaf
forest Wright & Zhang -2.86 -0.85 -0.63 -0.36 -0.004 -0.66
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Figure 4-48. Diurnal trend for deposition flux in the two models for evergreen needleleaf

forest in summer.
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Figure 4-49. Time series for deposition flux in the two models for evergreen needleleaf

forest in summer.
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b) The difference between the two models and why

As shown in Table 4-39, the difference between the two models ranges from -116%
to 168% and mean of absolute difference is 15%. The difference is dependent on V4. The

difference in F4 is similar to that in V4 (section 4.2.3).

Table 4-39. Difference (%) in deposition flux for the two models in the two seasons.

Mean of
Season Land cover Minimum Flrs.t Median Thqu Maximum e}bsolute
quartile quartile difference
(%)
evergreen
needleleaf forest | 110 -6 -1 16 168 15
summer deciduous
broadleaf forest -155 -48 -29 7 175 36
evergreen
. needleleaf forest -137 -5 -0.3 22 82 20
winter deciduous
broadleaf forest -146 -69 -30 4 71 41

For other three cases

F4 in Wang’s model is similar to that in Wright & Zhang’s (Table 4-38). Fq4 is

dependent on V4. The difference in F4 between the two models is similar to that in V.

Summary

Regardless of season and land cover, Fq in Wang’s model is similar to that in Wright
& Zhang’s model (mean, -0.74 pg m™s™ vs. -0.73 pg m™s™). The difference between the
two models is similar to that in difference in V4. For different land cover and the same
season, the difference between the two models is larger for deciduous broadleaf forest

(15% vs. 36% in summer, 20% vs. 41% in winter). For the same land cover and different
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seasons, the difference between the two models is similar (15% vs. 20% for evergreen
needleleaf forest, 36% vs. 41% for deciduous broadleaf forest). Table 4-40 shows that
both season and land cover are significant in the difference between the two models

(p=0.001).

Table 4-40. Analysis of variance (ANOVA) of the difference in deposition flux between
the two models.

Parameter p-value
season 0.001
land cover 0.001
season*land cover 0.001
4.4.5 Net flux

Evergreen needleleaf forest in summer
a) Net flux in the two models

Table 4-41 shows net flux in the two models. Negative sign stands for net deposition
flux and positive sign represents net emission flux. Net flux in the two models has
similar diurnal trends with high values during daytime and low values during nighttime
(Fig. 4-50 and Table E1). But net flux in Wang’s model has a valley value at 7:00
because larger deposition (Fig. 4-48). Fy is similar in the two models (section 4.4.4). F,
is negligible in Wang’s model and is not considered by Wright & Zhang (section 4.4.3).
F, in Wang’s model is much larger than that in Wright & Zhang’s (mean, 1.27 pg m?s
'>0.47 pg m™ s). Fy in Wang’s model is smaller than that in Wright & Zhang’s model
(mean, 0.01 pg m™ s'<0.41 pg m™ s™). Overall, net flux in Wang’s model is larger than
that in Wright’s model (mean, 0.5 pg m™~ s'>0.18 pg m™ s™), reflecting that net flux

between the two models is mainly affected by F,.
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Table 4-41. Net flux (pg m™ s™) for the two models in the two seasons.

Season Land Model Minimum Flrs.t Median Thlr.d Maximum | Mean
cover quartile quartile
evergreen | Wang -2.49 -0.01 0.32 1.12 291 0.5
needleleaf
forest Wright & Zhang -2.44 -0.12 0.02 0.51 1.54 0.18
summer
deciduous | Wang -2.89 -0.32 0.08 0.57 2.53 0.1
broadleaf
forest Wright & Zhang -1.85 -0.05 0.05 0.66 2 0.29
evergreen | Wang -1.61 -0.001 0.16 0.5 1.87 0.21
needleleaf
forest Wright & Zhang -2.25 -0.82 -0.57 -0.34 0.08 -0.59
winter
deciduous | Wang -1.43 -0.001 0.18 0.38 1.59 0.18
broadleaf
forest Wright & Zhang -2.04 -0.65 -0.49 -0.32 -0.004 -0.49

Net flux for evergreen needleleaf forest in summer
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Figure 4-50. Diurnal trend for net flux in the two models for evergreen needleleaf forest

1n summer.

Castro and Moore (2016) conducted a GEM flux measurements at a site surrounded
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by deciduous forests during July 2009 to 6 July 2010. They found that GEM emission
flux is larger than GEM deposition flux in summer (mean, 16.8 ng m?h'>15.5 pg m?s
Y. In winter, GEM emission flux is smaller than GEM deposition flux in summer (mean,
13.9 ng m? h'>15.2 pg m? s™"). Their measurements indicated that GEM net flux was

emission in summer and deposition in winter.

b) The difference between the two models and why

As seen in Table 4-42, the difference between the two models ranges from -99874%
to 111608% and mean of absolute difference is 882%. The difference in net flux between
the two models is mainly caused by Fg and F,. F, in Wang’s model is much larger than
that in Wright & Zhang’s (mean, 1.27 pg m™ s'>0.47 pg m™~ s™). Fy in Wang’s model is

smaller than that in Wright & Zhang’s model (mean, 0.01 pg m?s'<0.41 pg m?s™).

Table 4-42. Difterence (%) in net flux for the two models in the two seasons.

Mean of
Season Land cover Minimum F1rs.t Median Thlr.d Maximum gbsolute
quartile quartile difference
(%)
evergreen 99874 62 70 207 111608 882
needleleaf forest
summer deciduous
broadleaf forest -142634 -83 69 241 313273 914
evergreen -101274 411 -160 -397 285765 1698
. needleleaf forest
winter deciduous
-502272 -580 -263 -57 185056 2245
broadleaf forest

Deciduous broadleaf forest in summer

F4 1s similar in the two models (section 4.4.4). F, is negligible for Wang’s model and

is not considered by Wright & Zhang (section 4.4.3). F, in Wang’s model is larger than
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that in Wright & Zhang’s (mean, 0.83 pg m™ s'>0.48 pg m™ s'), however the difference
is smaller compared with that for evergreen needleleaf forest in summer. Fy in Wang’s
model is smaller than that in Wright & Zhang’s (mean, 0.01 pg m? s7'<0.59 pg m?s™h).
As in Table 4-41, net flux for Wang’s model is smaller than that for Wright & Zhang’s
model (mean, 0.1 pg m? s'<0.29 pg m™ s™).This is because reduction of F, is larger in
Wang’s model. The difference between the two models is similar to that for evergreen

needleleaf forest in summer (Table 4-42, 882% vs. 914%).

Evergreen needleleaf forest in winter

F4 is similar in the two models (section 4.4.4). F, is negligible in Wang’s model and
is not considered by Wright & Zhang (section 4.4.3). F, in Wang’s model is larger than
that in Wright & Zhang’s model (mean, 1.04 pg m? s'>0.11 pg m?s™). Fy in Wang’s
model (mean, 0.01 pg m? s™) is similar to that in Wright & Zhang’s model (mean, 0.06
pgm™s?). As seen in Table 4-41, net flux in Wang’s model is emission flux (mean, 0.21
pgm™s™) and that in Wright & Zhang’s is deposition flux (mean, -0.59 pg m™ s™). This
is because of large F, in Wang’s and small F, in Wright & Zhang’s. The difference
between the two models is greater than that for evergreen needleleaf forest in summer

(Table 4-42, 882% vs. 1698%).

Deciduous broadleaf forest in winter

Similar to that for evergreen needleleaf forest in winter, as in Table 4-41, net flux in

Wang’s model is emission flux (mean, 0.18 pg m™ s™) and that in Wright & Zhang’s is
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deposition flux (mean, -0.49 pg m™ s™"). This is also caused by large F, in Wang’s (mean,
0.74 pg m? s™') and small F, in Wright & Zhang’s (mean, 0.12 pg m™ s™). The difference
between the two models is larger than that for evergreen needleleaf forest in winter

(Table 4-42, 1698% vs. 2245%).

Summary

For evergreen needleleaf forest in summer, net flux in Wang’s model is larger than
that in Wright & Zhang’s model (mean, 0.5 pg m™ s'>0.18 pg m™ s™) because of large
F, in Wang’s. For deciduous broadleaf forest in summer, net flux in Wang’s model is

? 57<0.29 pg m? s™)

smaller than that in Wright & Zhang’s model (mean, 0.1 pg m’
because F, in Wang’s is smaller. Regardless of land cover in winter, net flux in Wang’s is
emission flux (mean, 0.2 pg m™ s7), and that in Wright & Zhang’s is deposition flux
(mean, -0.54 pg m™ s™). This is due to large F, in Wang’s and small F, in Wright &

Zhang’s model. The difference in net flux between the two models is mainly affected by

F,.

For different land cover and the same season, greater difference is for deciduous
broadleaf forest (882% vs. 914% in summer, 1698% vs. 2245% in winter). For the same
land cover and different seasons, larger difference is in winter (882% vs. 1698% for
evergreen needleleaf forest, 914% vs. 2245% for deciduous broadleaf forest). As seen in
Table 4-43, both season and land cover are significant in the difference between the two

models.
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Table 4-43. Analysis of variance (ANOVA) of the difference in net flux between the two
models.

Parameter p-value
season 0.068
land cover 0.007
season*land cover 0.004
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In this study, two bidirectional air-surface exchange models for GEM were
compared over evergreen needleleaf forest and deciduous broadleaf forest with the two
models run under the same meteorological condition in the summer of June 2010—
September 2010 and the winter of December 2010—March 2011. Resistances,
velocities, GEM compensation point concentrations, and fluxes estimated by the two

models were compared and the following conclusions were found.

For evergreen needleleaf forest in summer, the net emission flux in Wang’s model
was greater than that in Wright & Zhang’s model (0.5 pg m™s'>0.18 pg m™s™). For
deciduous broadleaf forest in summer, smaller net emission flux was in Wang’s model
(0.1 pg m?s'<0.29 pg m™s™). Regardless of land cover in winter, net flux in Wang’s was
emission flux (0.21 pg m™s™ and 0.18 pg m™s™") while that in Wright & Zhang’s was

deposition flux (0.59 pg m™s™ and 0.49 pg m™s™).

There are five categories for the difference in diurnal trend of output from the two
models: (1) a similar diurnal trend and similar value for quasi-laminar resistance, in-
canopy aerodynamic resistance, stomata emission velocity, soil emission velocity,
deposition velocity, and deposition flux; (2) a similar diurnal trend and different values
for aerodynamic resistance, stomata resistance, GEM compensation point concentration
in soil, and soil emission flux; (3) a similar diurnal trend and small difference at a few
hours of the day for stomata resistance and stomata emission flux; (4) different diurnal
trends and similar value for soil resistance and net flux; and (5) different diurnal trends

and different values for GEM compensation point concentration in stomata.
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The magnitude of the differences in resistances, velocities, GEM compensation
point concentrations, and fluxes between the two models was quantified. Small
differences (<35%) between the two models were found in quasi-laminar resistance,
cuticle resistance, and soil resistance. Median differences (>35% and <100%) were
found in aerodynamic resistance, soil emission velocity, deposition velocity, and
deposition flux. Large differences (>100%) between the two models were found in
stomata resistance, in-canopy aerodynamic resistance, stomata emission velocity, GEM
compensation point concentration in stomata, GEM compensation point concentration in

soil, stomata emission flux, soil emission flux, and net flux.

The dominant factors causing the large differences between the two models were

identified: the discrepancies in

(1) stomata resistance and stomata emission velocity were caused by a) stomata
resistance constant values for no exchange flux when stomata is closed, b) the setting of
diffusivities (water vapor and GEM diffusivities), ¢) the calculation of visible solar
radiation reaching leaves, and d) when the correction factor by water vapor pressure
deficit (fp) being less than 0.1 in Wang’s model, otherwise this correction factor is the

same in the two models;

(2) in-canopy aerodynamic resistance were caused by the setting of a reference value for
in-canopy aerodynamic resistance (Raco) (250 s/m in Wang’s model and 60-100 s/m in

Wright & Zhang’s model);

(3) GEM compensation point concentrations in stomata and stomata emission flux were
because Wang’s model considered GOM chemically-reducing to GEM, GOM washing

off from leaves, GOM fixing on the leaves, and GEM partitioning between air and
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leaves, all of which were not considered in Wright & Zhang’s model,

(4) GEM compensation point concentrations in soil and soil emission flux were because
Wang’s model considered GOM chemically-reducing to GEM and GEM partitioning

between air and soil, all of which were not considered in Wright & Zhang’s model;

(5) net flux were due to soil emission flux. For other components of net flux, deposition
fluxes were similar in the two models; stomata emission fluxes were different in the two
models, but their values were small; cuticle emission flux was negligible in Wang’s

model and was zero in Wright & Zhang’s model.

The difference in all output, except aerodynamic resistance, between the two models
is related to the land cover. The difference in all output, except quasi-laminar resistance,
soil resistance, and GEM compensation point concentration in soil, between the two

models is associated with the season.

For aerodynamic resistance, quasi-laminar resistance, stomata resistance, in-canopy
aerodynamic resistance and GEM compensation point concentration in stomata, Wright
& Zhang’s model is more appropriate. However, for GEM compensation point
concentration in soil, Wang’s model is more appropriate. For soil resistance, neither of
the two models is appropriate because Wang’s model did not considered the effect of
frozen soil on GEM exchange and Wright & Zhang’s model did not considered the effect
of wet soil on GEM exchange. Overall, Wright & Zhang’s model is more appropriate for

GEM exchange flux, because the estimated net deposition flux in winter is reasonable.

137



5.2 Recommendations

In this study, the difference between the two models was analyzed for two tall
canopies, evergreen needleleaf forest and deciduous broadleaf forest, where both LAI
values and seasonal variability of LAI are similar in the two land covers. Future studies
could investigate the difference between the two models for a low canopy with a
different of LAI, such as crops or grass. In this study, the two models were run under the
same meteorological conditions in summer and winter, while future studies could
compare the two models in all four seasons. Future studies should compare fluxes
estimated by the two models and the measured GEM exchange flux. One of the major
limitations in both models is the infinite mercury pool in stomata and soil, which may
not be unreasonable. Future studies may want to set the mercury pool in stomata and soil
as finite values. In future studies, wet soil may be considered in Wright & Zhang’s

model and surface temperature below -1 °C may be considered in Wang’s model.
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APPENDICES

Appendix A: Comparison of output from Matlab to original output from Fortran

Because Fortran software is not available in University of Windsor and Matlab
software is available, the original Fortran code of Wright and Zhang (2015) was
recompiled as the Matlab code. Therefore, it is necessary to compare output from Matlab
to original output from Fortran. The two codes are run with meteorological data of GA40
site under 26 land cover in Zhang et al. (2003) during Jun. 2009-Sep. 2009 and Dec.

2009-Apr. 2010.

The analysis of percentage of errors in net flux is shown in Table Al. The

percentage of error is calculated as

Flux -Flux:
Error: | Matlab Fortranl *100 (Al)
[Fluxgorgran|

There are three hours with errors larger than 1%. Then the net fluxes of three hours are
listed in Table A2 for checking. Although the errors of the hours are larger than 1%, it
can be seen that these errors are all caused by round-off. Compared with mean net flux
of -6.43 pg m-2s-1, these three errors are small enough. Apart from these three errors,

the largest error is 0.325% and is acceptable.

From Figure Al and Figure A2, the results from Matlab are acceptable and the
Matlab code can be used as a replacement of original Fortran code to simulate GEM
bidirectional exchange flux. In order to analyze the distribution of errors more clearly,
the errors are scaled to a new set of errors without three errors larger than 1%. From
Figure A1, almost all the errors concentrate around zero. Then, the frequency was scaled

to 5000 for better identification the distribution of errors near zero, as in Figure A2.
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Table Al. Analysis of errors in Hg net flux calculated by Matlab.

Error in Hg net fluxes from Total number of Total number of Percentage

Fortran and Matlab Hg fluxes errors exceeding the | (%)
threshold

>1% 3 0.004

>0.1% 15 0.018

>0.01% 84994 441 0.52

>0.001% 6054 7.12

>0.0001% 8862 10.4

Table A2. Data with error>1%

Values from Fortran Values from Matlab Error (%)

0.00087 0.00088 1.15

0.00030 0.00029 3.33

-0.00062 -0.00063 1.61
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Figure A 1. Distribution of errors in ppm.
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Figure A2. Distribution of errors in ppm with scaled frequency.
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Appendix B: Flow chart for the two models

Wright & Zhang’s model

Calculate resistances

| [ [ | |
- R'b Rst Rcut Rac .

Calculate velocities

\R Vg v,
Calculate GEM
compensation point
concentrations

| |
%]
- 11

Calculate fluxes

Air-terrestrial

Wang’s model

Calculate resistances

R'b Rst Rcut Rac

g

Calculate velocities

g cut

\% v \%

g

Calculate GEM
compensation point
concentrations

g

Calculate fluxes

Air-
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Air- Air-
stomata cuticle

Air-
soil

Figure B. Flow chart for the two models.

* - : equations were different in the two models
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: equations were the same and some parameters were different in the two models

: considered by only one model
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Appendix C: Parameterization of the two models

Table C1. Parameterization of resistances

stomata resistance (Ry)

Resistances Wright & Zhang’ model Wang’s model
aerodynamic resistance ln(i—lg)-‘PH rR=Y
= a 2
(Ry) R s
. . . 2 v1.23
qasi-laminar resistance (Rp) = —(=)
kux ~ DI
Reutdo
Rcutd: ™
. . 0.03RH 1/4
cuticle resistance (Reu) ¢ RCI;\‘?:) .
R T e——
cutw L AIl/zu*
1 DV
Rst T

" Gu(PAR) fr fp f,, DI

in-canopy aerodynamic

where fp=1-b,,qD
1

. R _ Ryeo LAH
resistance (Ry) ac” T 7
. . 1 a B
soil resistance (R —=
Ry Ry Rg(802) Rg(03)

*Note. Zg is reference height; Z, is roughness height; Wy is stability correction factor; k
is a constant of 0.4; U is wind speed; u- is friction velocity; VI is air diffusivity; DI is

GEM diffusivity; Ry is dry cuticle resistance; Ry 18 wet cuticle resistance; Reyqo 1S

reference value for Rgyg; RH is relative humidity;

G(PAR) is the unstressed canopy stomata conductance; fr is correction factor for air
temperature; fp is correction factor for water vapor pressure deficit of air; f,, is correction
factor for water stress of plant; DV is water vapor diffusivity; bypq is empirical water

vapour pressure deficit constant; D is vapor pressure deficit; R, is reference value of

Rac; o is a constant of zero; B is a constant of 0.1;

R,(03) is O3 soil resistance.
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Table C2. Parameterization of velocities

Velocities Equations
stomata |
.. 1 1 1 1 1 1 1 1
emission Voo T mr (TR o) TR on N
. + + + +
VCIOClty (Vst) st aT b a T p st Reut ac’ Rg st aT b
soil emission 1 1 1 1 1 1 - 1 1
VelOCity (Vg) g Rac+Rg RatRp "RptRpy Ry Ry Rac+Rg - Rac+Rg Ra*Ry !
cuticle |
.. 1 1 1 1 1 1 1 1
emission Vo= = o (oom +R—+Rc +R = ) = iR R,
v el o Clty (cht) cut a T Rp a b st ut ac T Rg cut a T Rp
deposition v -1 1 ( 1 1,1 1 )'1_ 1 R, 1
velocity (Vq) 7 RyHRy  RygtRy’ CRytRp Ry Row  RactRg RatRp © RatRp
- 1 1 1 1l
Note. R{ = (=—+—+—+
RatRp Ryt Ryt Rac+Rg

The equations are the same in the two models.
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Table C3. Parameterization of GEM compensation point concentrations

GEM compensation
point concentrations

Wright & Zhang’ model

Wang’s model

8.9803x10° = LA
0 st ¢ Kt T XD 0 e LAP I+
in stomata () oL [He, ]=(1-fiea)([Hel-[Hg, ' 1)
x exp (— 2= x8.2041 L [He
T where [Hg " |= ——
1‘frxn‘fﬁxcd
_ [Hg]
| L~ TAP
on cuticle (x.) — [He)1=(fxn-frixea) [He, ']
where [Hg"" = g1
gc 1‘frxn‘fﬁxcd
8.9803x10° [Hg'1 H
. . X~ 7 XIy o™ =
in the soil (xg) 8;1;'53 . & foe Koe
xexp (—=2%) 82041 | where [Hel =y, [He!"]

*Note. T is ambient temperature; [’y is emission potential of stomata; [Hgg] is dissolved

elemental mercury in stomata; fieq is the fraction of GOM fixed into tissue; [Hg] is total

gaseous mercury depositing on foliage; [HgiH] is dry deposited GOM loading on cuticle;

[Hgf?] i1s GOM concentration washed-off from leaf; f., is the fraction of GOM

potentially photoreduced to GEM,; [Hgg] is GEM bound to foliar cuticle surface; LAP is

leaf—air partitioning coefficient for GEM between leaves and air; I is emission potential

of soil; Ty is surface temperature; [Hgg] is GEM bound to organic matter; H is Henry’s

law constant in soil condition; f,. is the fraction of organic carbon in topsoil (0-5cm); K.

is soil organic carbon to water partitioning coefficient; [HgIgH] is GOM content in the

soil.
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Appendix D: General statistics of input data

Table D1. General statistic of input meteorology data before merging.

Input parameters (unit) Seasons Range Mean Median
] summer 10.1-37 26.5 26.1
surface air temperature ( C)
winter -11.5-25.8 | 6.1 5.7
. summer 12.6-35.5 | 26.8 26.9
ambient temperature ( C)
winter -11.4-25 6.9 6.4
summer 14.9-100 67.9 68.1
relative humidity (%)
winter 22.2-99.9 68.7 69.6
soil volumetric water content summer 0.11-0.44 0.19 0.17
(m*/m’*) winter 0.12-0.48 | 0.2 0.18
wind speed (evergreen needleleaf summer 0.26-4.8 1.74 1.74
forest, m/s) winter | 0.28-7.17 | 2.68 2.61
wind speed (deciduous broadleaf Summer 0.26-4.78 1.72 1.72
forest, m/s) winter | 0.29-7.87 | 2.93 2.85
summer 0.001-0.8 0.27 0.28
u= (evergreen needleleaf forest, m/s)
winter 0.001-1.19 | 0.42 0.42
summer 0.001-0.8 0.27 0.28
ux (deciduous broadleaf forest, m/s)
winter 0.001-1 0.35 0.35
summer 4.54-5.52 5.05 5.14
LAI (evergreen needleleaf forest)
winter 0.74-2.23 1.01 0.85
summer 4.64-5.75 5.3 5.34
LAI (deciduous broadleaf forest)
winter 0.6-1 0.72 0.67
summer 970-990 981 970
barometric pressure (mbar)
winter 962-998 984 984
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summer 0-867 217 62
solar radiation (W/m?)

winter 0-781 120 0

summer 0-57 3 0
precipitation (mm/hour)

winter 0-46 2 0

summer 0 0 0
snow depth (cm)

winter 0-16.6 0.69 0

summer 0-1 0.3 0.2
fraction of cloud (fraction)

winter 0-1 0.36 0.14
cosine value of zenith angle Summer 0-0.98 0.33 0.18
(dimensionless) winter | 0-0.86 0.18 0
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Table D2. General statistic of input meteorology data after merging.

Input parameters (unit) Seasons Range Mean Median
. summer 10.1-37 26.3 259

surface air temperature ( C)

winter -11.5-253 | 5.1 4.3

. summer 10.7-36.6 26.3 26

ambient temperature ( C)

winter -11.5-249 | 5.6 4.4

summer 14.9-1 68.8 69.5
relative humidity (%)

winter 23.2-99.9 68.9 69.9
soil volumetric water content summer 0.11-0.44 0.2 0.17
(m*/m’*) winter 0.12-0.44 | 0.2 0.17
wind speed (evergreen needleleaf summer 0.26-4.8 1.72 171
forest, m/s) winter | 0.28-7.04 | 2.68 2.62
wind speed (deciduous broadleaf Summer 0.26-4.78 1.7 1.69
forest, m/s) winter | 0.29-7.74 | 2.93 2.86

summer 0.001-0.8 0.27 0.27
u« (evergreen needleleaf forest, m/s)

winter 0.001-1.17 |0.42 0.42

summer 0.001-0.8 0.27 0.27
ux (deciduous broadleaf forest, m/s)

winter 0.001-0.98 | 0.35 0.35

summer 4.54-5.52 5.05 5.14
LAI (evergreen needleleaf forest)

winter 0.75-1.86 0.93 0.84

summer 4.64-5.75 5.3 5.34
LAI (deciduous broadleaf forest)

winter 0.6-0.95 0.7 0.66

summer 970-990 981 982
barometric pressure (mbar)

winter 963-998 984 985
solar radiation (W/m”) summer 0-866.9 213.4 40.1
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winter 0-751.3 1159 0

summer 0-57 3 0
precipitation (mm/hour)

winter 0-39 2 0

summer 0 0 0
snow depth (cm)

winter 0-16.6 0.78 0

summer 0-1 0.29 0.15
fraction of cloud (fraction)

winter 0-1 0.35 0.12
cosine value of zenith angle summer 0-0.98 0.32 0.11
(dimensionless) winter 0-0.83 0.17 0
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Appendix E: Comparison of the two models.

Table E1. Comparison of diurnal trends in the two models.

evergreen evergreen deciduous deciduous
variables | needleleaf forest | needleleaf forest | broadleaf forest | broadleaf forest
(summer) (winter) (summer) (winter)
R, similar diurnal trend and different values
Ry similar diurnal trend and similar value
R similar diurnal similar diurnal similar diurnal similar diurnal
trend and small trend and trend and small trend and
difference at a different values difference at a different values
few hours few hours
Reut the same in the two models
Rac similar diurnal trend and similar value
R, different diurnal trends and similar value
Vi similar diurnal trend and similar value
Ve similar diurnal trend and similar value
Vi similar diurnal trend and similar value
st different diurnal trends and different values
Ae similar diurnal trend and different values
Fq similar diurnal trend and small difference at a few hours
F, similar diurnal trend and different values
Fq similar diurnal trend and similar value
net flux different diurnal trends and similar value
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Table E2. Percentage of difference between the two models.

evergreen evergreen deciduous deciduous
variables | needleleaf forest | needleleaf forest | broadleaf forest | broadleaf forest

(summer) (winter) (summer) (winter)

R, 36 32 36 32

Ry 15 19 15 19

Rt 98 108 104 113

Reut 0 0 0 0

Rac 0 0 89 122

R, 28 32 28 32

Vit 98 108 104 113

V, 16 24 67 64

\ 15 20 37 40

st 189 110 187 93

e 110 174 110 174

Fg 190 148 190 142

F, 98 168 53 152

Fq 15 20 36 41

net flux 882 1698 914 2245
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Table E3. P-values for land cover, season, and interaction in the difference between the
two models.

Variables Season Land use Season*LUC

Ra 0.926 0.052 0.026
Ry 0.001 0.99 0.99

Ryt 0.001 0.001 0.002
Rac 0.001 0.001 0.001
R, 0.001 0.99 0.99

Vit 0.001 0.001 0.002
V, 0.001 0.001 0.001
\ 0.001 0.001 0.001
st 0.001 0.001 0.001
e 0.001 0.99 0.99

Fy 0.001 0.001 0.097
F, 0.001 0.001 0.001
Fq4 0.001 0.001 0.001
net flux 0.068 0.007 0.004
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Table E4. Which model is better.

variables which model is better reasons
* consider both mechanical and thermal
Ra Wright & Zhang turbulence
* the cap prevent extreme large values
. * consider the effect of ambient temperature on
Ry Wright & Zhang . Giffusivity and GEM diffusivity
Wang
* input barometric pressure
Wright & Zhang
R, Wright & Zhang . calculqte‘ visible solar radiation from input
solar radiation
* correction factor for water vapor pressure
deficit of air (fp) >0.1
» the dependence of diffusivity on ambient
temperature
Rac Wright & Zhang * consider canopy growth
Wang
neither * consider wet soil
R, (add wet soil in Wright
& Zhang’ model) Wright & Zhang
« consider surface temperature below -1°C
st Wright & Zhang * diurnal trend with high values during daytime
Wright & Zhang
* zero when soil is covered by snow
Xe Wang Wang

* photo-reduced from GOM
* related with organic carbon content in soil
and Henry’s low
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Appendix F: ANOVA analysis for output from the two models

Table F1. ANOVA results for resistance in the two models.

p-values or R-sq p-values or R-sq
Resistances Parameters values in Wang’s values in Wright &
model Zhang’s model
Season 0.025 0.001
LUC 0.539 0.097
Ra Season*LUC 0.414 0.051
R-sq (%) 0.05 0.38
R-sq (adj) (%) 0.03 0.36
Season 0.001 0.001
LUC 0.447 0.432
Ry Season*LUC 0.334 0.323
R-sq (%) 0.29 0.24
R-sq (adj) (%) 0.27 0.21
Season 0.001 0.001
LUC 0.001 0.03
Ryt Season*LUC 0.321 0.004
R-sq (%) 1.34 2.97
R-sq (adj) (%) 1.31 2.94
Season 0.001 0.001
LUC 0.001 0.001
Reut Season*LUC 0.001 0.001
R-sq (%) 1.49 1.48
R-sq (adj) (%) 1.46 1.46
Season 0.001 0.001
LUC 0.001 0.766
Rac Season*LUC 0.169 0.994
R-sq (%) 0.23 0.2
R-sq (adj) (%) 0.21 0.17
Season 0.264 0.001
LUC 0.99 0.99
R, Season*LUC 0.99 0.99
R-sq (%) 0.01 9.99
R-sq (adj) (%) 0 9.96
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Table F2. ANOVA results for velocity in the two models.

Parameters p-values or R-sq p-values or R-sq
Velocities values in Wang’s values in Wright &
model Zhang’s model
Season 0.001 0.001
LUC 0.001 0.001
Vit Season*LUC 0.001 0.001
R-sq (%) 4.12 9.73
R-sq (adj) (%) 4.09 9.71
Season 0.001
LUC 0.001
Veut Season*LUC 0.073 N.A.
R-sq (%) 13.37
R-sq (adj) (%) 13.35
Season 0.001 0.001
LUC 0.001 0.001
V, Season*LUC 0.001 0.103
R-sq (%) 17.06 12.27
R-sq (adj) (%) 17.03 12.25
Season 0.001 0.001
LUC 0.001 0.286
V4 Season*LUC 0.001 0.001
R-sq (%) 3.58 2.61
R-sq (adj) (%) 3.56 2.58
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Table F3. ANOVA results for GEM compensation point concentration in the two models.

GEM compensation | Parameters p-values or R-sq p-values or R-sq
point concentrations values in Wang’s values in Wright &
model Zhang’s model
Season 0.001 0.001
LUC 0.001 0.001
st Season*L.UC 0.001 0.001
R-sq (%) 29.91 66.67
R-sq (adj) (%) 29.88 66.66
Season 0.001
LUC 0.054
Yeut Season*LUC 0.054 N.A.
R-sq (%) 8.89
R-sq (adj) (%) 8.87
Season 0.001 0.001
LUC 0.99 0.99
e Season*LUC 0.99 0.99
R-sq (%) 74.37 63.94
R-sq (adj) (%) 74.36 63.93
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Table F4. ANOVA results for flux in the two models.

Parameters p-values or R-sq p-values or R-sq
Fluxes values in Wang’s values in Wright &
model Zhang’s model
Season 0.001 0.001
LUC 0.001 0.001
Fy Season*LUC 0.001 0.001
R-sq (%) 1.01 22.92
R-sq (adj) (%) 0.98 22.9
Season 0.001
LUC 0.001
Feut Season*LUC 0.001 N.A.
R-sq (%) 8.1
R-sq (adj) (%) 8.07
Season 0.001 0.001
LUC 0.001 0.297
F, Season*LUC 0.001 0.718
R-sq (%) 8.37 30.02
R-sq (adj) (%) 8.34 30
Season 0.001 0.001
LUC 0.001 0.132
Fq4 Season*LUC 0.001 0.001
R-sq (%) 2.59 1.09
R-sq (adj) (%) 2.56 1.06
Season 0.001 0.001
LUC 0.001 0.001
total emission flux | Season*LUC 0.001 0.001
R-sq (%) 8.3 31.57
R-sq (adj) (%) 8.27 31.55
Season 0.001 0.001
LUC 0.001 0.001
net flux Season*LUC 0.001 0.78
R-sq (%) 5.09 45.46
R-sq (adj) (%) 5.06 45.44
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Figure F1. Main effects plot for resistance in the two models.
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Figure F5. Interaction plot for resistance in the two models.
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Figure F7. Interaction plot for GEM compensation point concentration in the two models.
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Appendix G: ANOVA analysis for the difference between the two models

Table G1. ANOVA results for the difference in resistance between the two models.

p-values or R-sq values in the

Resistances Parameters difference
(Wang-Wright)/
(Wang+Wright)/2*100%
Season 0.926
LUC 0.052
Ra Season*LUC 0.026
R-sq (%) 0.08
R-sq (adj) (%) 0.05
Season 0.001
LUC 0.99
Ry Season*LUC 0.99
R-sq (%) 69.97
R-sq (adj) (%) 69.96
Season 0.001
LUC 0.001
Ry Season*LUC 0.002
R-sq (%) 0.69
R-sq (adj) (%) 0.66
Season 0.001
LUC 0.001
Rac Season*LUC 0.001
R-sq (%) 99.96
R-sq (adj) (%) 99.96
Season 0.001
LUC 0.99
R, Season*LUC 0.99
R-sq (%) 1.72
R-sq (adj) (%) 1.7
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Table G2. ANOVA results for the difference in velocity between the two models.

p-values or R-sq values in the
difference

Velocities Parameters (Wang-Wright)/
(Wang+Wright)/2*100%

Season 0.001
LUC 0.001

Vit Season*LUC 0.002
R-sq (%) 0.67
R-sq (adj) (%) 0.64
Season 0.001
LUC 0.001

V, Season*LUC 0.001
R-sq (%) 38.89
R-sq (adj) (%) 38.87
Season 0.001
LUC 0.001

Vg Season*LUC 0.001
R-sq (%) 18.78
R-sq (adj) (%) 18.76

Table G3. ANOVA results for the difference in GEM compensation point concentration
between the two models.

GEM compensation

p-values or R-sq values in the
difference

point concentrations Parameters (Wang-Wright)/
(Wang+Wright)/2*100%

Season 0.001
LUC 0.001

st Season*L.UC 0.001
R-sq (%) 56.68
R-sq (adj) (%) 56.66
Season 0.001
LUC 0.99

Yo Season*LUC 0.99
R-sq (%) 73.21
R-sq (adj) (%) 73.2
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Table G4. ANOVA results for the difference in flux between the two models.

p-values or R-sq values in the
difference

Fluxes Parameters (Wang-Wright)/
(Wang+Wright)/2*100%
Season 0.001
LUC 0.001
Fq Season*LUC 0.097
R-sq (%) 2091
R-sq (adj) (%) 20.89
Season 0.001
LUC 0.001
F, Season*LUC 0.001
R-sq (%) 74.07
R-sq (adj) (%) 74.06
Season 0.001
LUC 0.001
Fq Season*L.UC 0.001
R-sq (%) 19.37
R-sq (adj) (%) 19.35
Season 0.001
LUC 0.001
total emission flux Season*LUC 0.001
R-sq (%) 55.23
R-sq (adj) (%) 55.22
Season 0.068
LUC 0.007
net flux Season*LUC 0.004
R-sq (%) 0.18
R-sq (adj) (%) 0.15
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Figure GS5. Interaction plot for the difference in resistance.
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